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ABSTRACT
is thesis reports several research directions that all converge on the common goal of understanding the structural
transitions induced by interactions among important biological polyelectrolytes and biological membranes. Essen-
tial biopolymers F-actin and DNA have high negative charge densities, and yet can condense onto themselves as
close-packed structures. Correlations between multivalent counterions condensed on the biopolymers are thought
to mediate the attraction, but predict macroscopic phase separation inconsistent with the experimental observation
of ĕnite bundles. Equilibrium or kinetic constraints may limit the bundle size. Here, we examined the evolution of
growth modes of F-actin condensed by Mg2+ and proposed that F-actin bundling is unlikely to be constrained by
kinetics. Next, we examinedDNA/F-actinmixtures as amodel system of like-charged rigid rods and Ęexible chains.
We found elongated nematic F-actin domains reticulating via defect-free vertices into a network that was embed-
ded in a random mesh of DNA. Synchrotron scattering and microscopy showed a drastic transition as the system
evolved from a counterion-controlled regime to a depletion-controlled regime with small changes in monovalent
salt level.
Extending the ĕeld of interest from 1D polyelectrolyte to 2D membrane systems, we examined the fundamental
deformation modes cell-penetrating peptides, such as TAT, induce on bacterial-like membranes. TAT belongs to a
class of arginine-rich cationic peptides capable of direct translocation as well as endocytotic pathways in eukaryotic
cells, andwe have recently shown that TAT is capable of generating negative Gaussianmembrane curvature topolog-
ically necessary for pore formation. By additionally applying earlier studied concepts from polyelectrolyte conden-
sation, we demonstrated and discussed how the arginine-rich and highly cationic sequence of these cell-penetrating
peptides canmultiplex interactions with themembrane, the actin cytoskeleton and cell-surface receptors to facilitate
diﬀerent cellular entry pathways.
Generalizing to other pore-forming systems, the ĕnal piece of work details the experimental and theoretical ob-
servations on the Bcl-2 family of proteins which dictate cell death by permeabilizing the outer membrane of the
mitochondria during apoptosis and are important therapeutic targets for ĕghting cancer. Direct binding between
BH3 domains commonwithin the Bcl-2 protein family are thought to regulate apoptotic activity: BH3-only proteins
bind and activate the pore former Bax, whereas Bcl-xL bind to Bax or BH3-only activators to prevent permeabiliza-
tion. While the physiologic roles of diﬀerent Bcl-2 proteins are well understood, details of regulatory mechanisms
remain contentious, and there is no uniĕed picture that integrates the non-passive role of lipid membranes during
ii
apoptosis. Correlating membrane deformational modes inferred from synchrotron x-ray scattering with confocal
microscopy of giant vesicle dye leakage, we report that Bax induces the same class of curvature (negative Gaussian
curvature) as cell-penetrating peptides and antimicrobial peptides. More importantly, Bcl-xL can suppress not only
Bax-induced pores, but alsomembrane remodeling by entirely unrelated peptides from the cell-penetrating, antimi-
crobial or fusion peptide families. We formulate a theoretical understanding, and experimentally verify amembrane
curvature-mediatedmodel in which Bax and Bcl-xL induce antagonistic Gaussianmembrane curvatures to regulate
pore formation. We propose that the universal nature of curvature-mediated interactions aﬀords synergy with di-
rect protein-protein binding pathways, enables Bcl-xL to suppress negative Gaussian curvature induced by entirely
unrelated peptides, bacterial toxins, and even high salt screening in pure lipid-water systems without other proteins
or peptides, and suggests a new general strategy for engineering apoptosis.
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Outlook: recapping a journey of discoveries and insights
esis writing is painful. ere is a great deal of wisdom in the adage that the best dissertation is one that is com-
pleted. Nonetheless, this exercise allowed me to organize my thoughts and reĘect on how each project shaped my
progress. Here, I summarize some of the research insights gleaned through my years of graduate research.
Working with actin taught me how it is possible for identical highly-charged electrolytes to attract one another
instead of outright repulsion. Howmany starting physics students taking Physics 435 E&Mwill question the adage
‘like-charges attract, opposite-charges repel’? It is startling to realize that most cellular infrastructure and pathways
that enable life are based on an amazing counter-intuitive charge phenomena that is seldom brought to attention.
Further exploring the theme of highly-charged polyelectrolytes, I looked at how mixtures of F-actin and DNA, two
biopolymers with high negative charge but quite diﬀerent Ęexibilities, behave. Instead of uniform dispersal and
equilibration, we saw intercalating micro-domains packed with either F-actin or DNA, at concentrations below the
Onsager criterion for liquid-crystalline transition. To better understand the rich behavior of solvated chemistry, a
subgroup was formed to experimentally determine the time-varying spatial response of water by following Peter
Abbamonte’s pioneering demonstration that the dynamical characterization of water with inelastic x-ray scattering
(essentially a Green’s function) can be inverted to real space-time for angstrom-attosecond resolutions. Using the
derived water response, I modeled water sheared between charged plates at varying separations. Robert Coridan is
still leading eﬀorts on this powerful approach of probing solvation dynamics.
Aer looking at charged chains and charged surfaces separately, it was the right time to explore more complex sol-
vated lipid membrane-peptide systems, such as how a cell engulfs pockets of surrounding Ęuid/particles during
endocytosis, from a biophysicist’s viewpoint. Working with Gerard, Abhijit Mishra and Nathan Schmidt, we built
on Abhijit’s ĕndings that the cell penetrating TAT peptide induces negative Gaussian curvature to generate mem-
brane pores1, and challenged ourselves the task of teaching non-living vesicles perform macropinocytosis. Since
macropinocytosis involves large-scale concerted activity of cytoskeletal and membrane remodeling, experience in
actin helped when I had to encapsulate actin into giant unilamellar vesicles (GUVs) as our cell mimics. Initially,
we wanted to control actin polymerization activity and membrane remodeling independently, but the multivalent
cationic nature of TAT peptide obviously (but overlooked by biologists working on cell-pentrating peptides) sug-
1 ere are still some observations I could not explain tomy satisfaction. For example, inmy confocalmicroscopy studies of large unilamellar
vesicles (GUV) dye leakage induced by TAT, although some TAT does enter the vesicles early on, most of the peptide is kept outside until
the encapsulated dye has fully leaked out and equilibrated with the exterior; TAT then rapidly equilibrates across the membrane.
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gests that the cell penetrating peptide will also orchestrate actin remodeling. Indeed, we see this and our results are
discussed in chapter 4 (page 41).
Cell-penetrating peptides (CPPs) and antimicrobial peptides (AMPs) are almost always cationic, and assumed to
have narrow functions: CPPs translocate themselves or get endocytosed across the membranes, whereas AMPs kill
bacteria by disrupting bacterial membranes and punching holes. My early work with F-actin and DNA led me to
consider that the membrane activity of such peptides may only scratch the surface of what they could potentially
inĘuence when allowed intracellular access. Once inside the cell, these cationic peptides can perturb a whole host of
regulatory pathways that depend on active cytoskeletal remodeling. For instance they can disrupt organelle/vesicle
traﬃcking [1] via cytoskeleton-associated motor proteins (kinesin/dynein for microtubules and myosin for actin);
the malfunctioning of organelle transport is even more critical during mitosis. In bacteria, we are looking at how
CPPs and AMPs interact with bacteria actins, such as FtsZ, the prokaryotic analog of eukaryotic tubulin which is
responsible for the contractile ring at the septum during bacterial cell division, and MreB, the main bacterial cy-
toskeletal protein which binds directly to membranes and can induce curvature [2]. Additionally, these cationic
peptides can potentially disrupt gene expression by binding to DNA or RNA, so this is an ongoing direction of re-
search. Such alternative modes of action are more likely for highly-charged and hydrophilic CPPs. For AMPs, the
dominant antimicrobial mode of action may be determined by hydrophobicity. More hydrophobic AMPs stay on
membranes to form long-lived pores, so they kill bacteria by depolarizing their cell membranes and dissipating cel-
lular energy. Less hydrophobic AMPs with correspondingly more arginines (via our discovered selection rules [3])
may form less persistent pores more reĘective of CPP activity, so their dominant killing action must lie somewhere
else. erefore, it is very likely thatmixtures of AMPs or CPPsmay have synergistic eﬀects on, for example, bacterial
killing potency. By pairing a persistent pore-forming AMP with a more hydrophilic transient pore-forming AMP
that can disrupt intracellular events, we can potentially kill bacteria cells much more eﬀectively.
e cancer-related work on Bcl-2 proteins is discussed in chapter 5 (page 60). Bax is a soluble Bcl2 protein that
alter its conformation to insert into mitochondrial membranes and punch holes that commit the cell to death, while
Bcl-xL prevents Bax-induced cell death. e discovery that Bcl-xL can suppress membrane disrupting curvature
in systems widely diﬀerent from Bcl-2 proteins and mitochondria led us to question if similar modes of mem-
brane remodeling suppression may be involved in other major biological pathways. Apolipoproteins that mediate
cholesterol traﬃcking in the body has seen intense early attention due to their obvious medical importance (mainly
focused on LDLs and HDLs) in ĕghting cholesterol buildup in atherosclerosis, but their anti-inĘammatory role
has not seen as much coverage. If we naively picture plaque buildup as a messy accumulation of dead macrophage
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material and cholesterol, it is not far-fetched to think that something that suppresses non-lamellar structures and
membrane fusion/ĕssion would prevent accumulation of porous 3D structures and even potentially suppress cell
lysis which is the main culprit for inĘammation. Bax/Bcl-xL oﬀers a on/oﬀ model for studying membrane curva-
ture regulation with high ĕdelity, and we have found anti-inĘammatory proteins induce a similar binary membrane
response. It is assuring to ĕnd that new ĕndings from other groups agree with my gut feeling about some universal
link between apoptosis and inĘammation. For example, the Bax activator protein, Bid, was just recently found to
play a role in inĘammation and innate immunity [4]. is inĘammation-centric perspective also led to my interest
in other inĘammatory responses like amyloid growth, in which previously soluble proteins probably transition into
toxic intermediates before ending as ĕbrillar β-sheet rich aggregates.
Working with both antimicrobial peptides and Bcl-2 proteins allows me to compare their membrane activities.
Cell-penetrating and antimicrobal peptides induce coexisting inverted hexagonal (HII) and inverse bicontinous
cubic (QII) phases almost instantly, and the hexagonal phase tends to dominate. In contrast, Bax takes signiĕcantly
longer to induce nonlamellar phases, but the result is almost always a pure cubic phase. Since Bax is normally present
in healthy cells, Bax has to be ĕnely engineered to perform a precise function (i.e. forming persistent large stable
pores only when the cell really needs to die) without incurring spurious side eﬀects, in contrast to antimicrobial
peptides which just aim to kill. Computer folks oen put out the maxim for processor performance: speed, power
or cost, pick two. You can have a fast, low-power chip (Intel) for a high price, a slow, low-power chip (ARM) for
dirt-cheap, or a fast, power-sapping processor for cheap (AMD). I oﬀer an analogous version for CPP/AMP/Bcl-2
pore activity: speed (of pore formation), persistence (of pores), and ĕdelity (of membrane action) – pick two.
Our approach towards understanding Bcl-2 regulation has allowed us to connect diﬀerent phenomena from lipid
imbalances that leads to apoptotic dysregulation, the apoptotic eﬀect of calcium ions, to the functional cross-talk
between Bax/Bcl-xL and mitochondrial ĕssion proteins like Drp1/Dnm1. For example, we ĕnd that Ca2+ can in-
duce membrane deformations rich in both negative Gaussian and negative mean curvatures in mitochondrial-like
membranes that are still suppressible by Bcl-xL. Both the mitochondria and the endoplasmic reticulum (ER) func-
tion as main stores of intracellular calcium and closely regulate Ca2+ signalling. us it is not surprisingly when a
new Science paper found that ER and mitochondria are tightly coupled around the constriction sites where mito-
chondria ĕssion happens [5] (Figure 1). We have also observed that mitochondrial ĕssion proteins that promote
tubules with negative mean curvature can cooperate with non-active Bax to generate negative Gaussian curvature
more conducive for pore formation instead. Additionally, the general picture of membrane curvature mediated
interactions from Bax/Bcl-xL’s on/oﬀ switch has inspired us to look for similar systems elsewhere. We found that
xi
an apoliprotein mimic, the 4F peptide, can quench curvature induced by diverse peptides, a result that potentially
engages the unexplained anti-inĘammatory role of apolipoproteins, and opens up new extracellular strategies of
modulating membrane remodeling processes.
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itochondria are the cell’s meta-
bolic headquarters, fueling oxi-
dative phosphorylation for 
adeno sine 5′-triphosphate production, and 
driving reactions to manufacture core metab-
olites for the biosynthesis of fats, DNA, 
and proteins. In addition to their metabolic 
roles, these organelles regulate various cel-
lular processes, including proliferation ( 1), 
immune responses ( 2– 4), and apoptotic cell 
d ath ( 5). Mitochondrial function in many 
of these processes is coupled to their spe-
cifi c morphology, which ranges from small 
individual mitochondrial elements to large 
interconnected networks ( 6). These diverse 
shapes result from fi ssion into smaller forms 
or fusion into larger structures ( 7,  8), events 
thought to occur autonomously. However,  a 
study by Friedman et al. in Science Express 
( 9) reveals that mitochondrial division is 
intimately coupled to another organelle, the 
endoplasmic reticulum (ER).
Mitochondrial division is driven by the 
fi ssion protein Dnm1 in yeast, and its homo-
log Drp1 in higher eukaryotes. Dnm1 and 
Drp1 belong to a family of dynamin-related 
proteins that are thought to regulate mem-
brane fi ssion by forming contractile helices 
that wrap around membrane to constrict it 
(requiring guanosine 5′-triphosphate hydro-
lysis) ( 7,  10). Most Drp1 in higher eukary-
otes is dispersed throughout the cytosol; only 
a small fraction is recruited onto mitochon-
dria and assembles into oligomeric structures 
in a process that depends on the membrane 
protein mitochondrial fission factor (Mff 
in mammals) ( 11). Whereas Dnm1/Drp1 
assemblies are always found at mitochon-
drial fi ssion sites, not all Dnm1/Drp1 sites 
defi ne sites of division ( 7). Friedman et al. 
discover that ER-mitochondria interaction 
sites mark the sites of mitochondrial fi ssion 
and suggest that the ER may be an active par-
ticipant in mitochondrial division.
The ER and mitochondria exhibit tightly 
coupled dynamics and have extensive con-
tacts ( 12). Using sophisticated imaging 
approaches, Friedman et al. found that mito-
chondrial fi ssion occurs at regions of contact 
between mitochondria and ER that are char-
acterized by ER tubules crossing and nearly 
enwrapping mitochondria. At, or close to, 
these ER-mitochondrial contact sites, the 
mitochondria first become partially con-
stricted, and then completely divide. Notably, 
the ER-mitochondrial contact sites involve 
the activity of ER tubules; sheetlike regions 
of the ER did not appear to be important. 
Even shifting ER morphology toward sheet-
like architecture (through deletion of the 
yeast ER-shaping proteins, Rtns/Yop1) did 
not prevent small tubules from extending off 
sheetlike ER to interact with mitochondria.
Time-lapse imaging further identified 
the sequential nature of ER-based mito-
chondrial division. The appearance of ER-
mitochondria contact sites coincides with 
constriction of mitochondria at these sites. 
Drp1 is then recruited to these sites, either 
from the cytosol or from other mitochon-
drial sites, and is followed by mitochondrial 
fi ssion (see the fi gure). Initial mitochondrial 
constrictions at sites of ER-mitochondrial 
contact were still observed in the absence of 
Drp1 or Mff, which suggests that constric-
tion preceding full fi ssion is independent 
of both proteins and is potentially mediated 
by the ER-mitochondria contact itself. This 
might occur if ER-mitochondrial tethering 
proteins interact as ER tubules wrap around 
mitochondria, and could actively contribute 
to preconstriction, and/or to the fi ssion pro-
cess itself.
The findings of Friedman et al. raise 
questions about whether the ER actively 
contributes to mitochondrial fission and 
what proteins are required. The authors 
hypothesize that partially constricting mito-
chondria could physically be important for 
assembling Drp1 helices around mitochon-
dria, because Drp1 ring width is smaller 
than the mitochondrial diameter. ER-
induced mitochondrial constriction could 
therefore facilitate the stabilization and/or 
oligomerization of Drp1 at division sites. 
But proteins residing on the ER or mito-
chondria could also contribute to mitochon-
drial constriction and/or fi ssion. Potential 
candidates include the tethering proteins 
Mfn2 in higher eukaryotes or a complex in 
yeast called the ER-mitochondria encounter 
structure ( 13,  14). Other ER-mitochondria 
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The endoplasmic reticulum is an active 
participant in the division of another organelle, 
the mitochondrion.
ER tubule
Mitochondrial fission
Mff Mff
Drp1
Drp1
ER-dependent mitochondrial fission. In this 
model, the major mitochondrial fi ssion protein Drp1 
is recruited from cytosolic or mitochondrial spots 
to ER-mitochondria contacts sites (containing the 
Drp1-receptor Mff). At sites of interorganellar con-
tact, Drp1 stabilizaton and/or oligomerization into 
helices might be facilitated by ER tubule–dependent 
mitochondrial constriction.
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Figure 1 | Coming together of ER and mitochondria2: Calcium signaling, Bcl-2 proteins and mitochondrial
ĕssion Drp1/Dnm1 proteins? (A) Schematic of ER-d pendent mitochondria ĕssion. (B) Le panel shows mi-
tochondrial alone. Right panel shows mitochondria (red) with endoplasmic reticulum (green) in cells depleted
of mit cho drial ĕs ion factor by RNA interfer nce. Arrows mark co striction sites on mitochondria, which are
crossed by ER t bul s.
In retrospect, I did not expect to work on antimicrobials a d apoptosis. When I started grad school in 2005, I was
interested in data complexity manageme t (c ming fromData Storage Institute in Singapore, I found data manage-
ment a harder problem that will only exacerbate, compared to increasing platter storage densities in hard drives),
or possibly a direction towards solar energy or fuel cell research (coming from a small country where sunlight is
plentiful but natural resources are scare) which did not gather serious funding back then. I am grateful to Gerard
and Paul Schlesinger for providing me the chance to work on two subjects close to my heart. I have a close un-
cle who suﬀered bacterial infection in the hospital aer a knee operation, which led to a stroke. I have relatives
who suﬀered a long time from cancer. We have just lost two luminaries in Steve Jobs (Apple, Pixar) and Dennis
Ritchie (UNIX and C programming language) from cancer. While I hope to contribute in the search for a cancer
cure, we spend too much time ĕghting referees and their demands for more mutations or cell-based studies, being a
physics lab with no protein production/puriĕcation resources so we depend on our collaborators. Instead, we need
a review process that de-emphasizes papers as a unit of measure but instead rewards open collaboration to tackle
diﬃcult multi-disciplinary problems, so that diﬀerent labs do what they are best at. For cancer, time is precious:
families are enduring the excruciating pain and cannot aﬀord the wait. I understand inelastic demand for a cure
naturally leads to monetary conĘicts of interest, but I hope that research for cancer would eventually adopt a faster-
paced open-source approach that has seen major success with protein structure studies, high-energy physics and
astronomy.
2 Panel (A) reprinted with permission from [6] Rambold, A. S. & Lippincott-Schwartz, J. SevERing Mitochondria. Science 334, 186–187
(2011), Copyright ©2011 AAAS. Panel (B) reprinted with permission from [5] Friedman, J. R. et al. ER Tubules Mark Sites of Mitochon-
drial Division. Science 334, 358 (2011), Copyright ©2011 AAAS.
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Chapter 1
Strange Electrostatics: Diﬀerent growth modes of like-charged
polyelectrolyte bundles
Correlations between multivalent ions can mediate attraction between liked-charged polyelectrolytes, but lead to ĕnite-
sized bundles rather than theorized macroscopic phase separation. Here, we tracked the kinetics of aggregation and
bundle formation of actin using two diﬀerent Ęuorescently labeled populations of F-actin. We found that the growth
mode of actin bundles evolve with time and salt concentration, varying from an initial lateral growth to a longitudinal
one at later stages. e results suggest that kinetics play a role in bundle growth, but not in the lateral size of bundles
which is constant for linear and branched topologies1.
1.1 Like-charged attraction between biopolymers: a short primer
Low temperature physics in solvated biochemistry. Like charges repel and unlike charges attract. is fa-
mous dictum loses validity the moment electrostatics is combined with many-body physics to understand puzzling
aspects of life chemistry. Nucleic acids and most proteins carry signiĕcant charge upon solvation. DNA, arguably
the most important molecule for propagating life, has one of the highest charge densities found in nature at 1 e− /
1.7 Å. Two macro-ions with like charge would naturally be expected to repel each other. Indeed, DNA strands in
monovalent salt solutions repel each other. Yet, meter-length DNA can be condensed into micron-sized nuclei with
the help of cationic proteins (Figure 1.1a-b). DNA is condensed into very tightly packed toroids in mammalian
sperm (by arginine-rich protamines) [8, 9] and in DNA viruses like bacteriophages (until ejection is triggered, so
they are excellent study candidates for gene delivery). In eukaryotic cells, the cytosol is traversed by a scaﬀold of
ĕlaments (microĕlaments, intermediate ĕlaments andmicrotubules) that make up the cytoskeleton (Figure 1.1c-d).
Most of the cytoskeleton is made of a protein called ĕlamentous actin (F-actin) close-packed in diﬀerent ways by
actin-binding proteins (ABPs). In spite of the high negative charge density (1 e−/2:5Å), F-actin similarly condenses
1 is work has been published as [7] Lai, G. H. et al. Evolution of GrowthModes for Polyelectrolyte Bundles. Phys. Rev. Lett. 98, 187802–4
(2007). G. C. L. Wong and O. Zribi conceived the project. G. H. Lai and O. Zribi performed confocal microscopy studies on “candy-
cane” actin bundles. R. Coridan performed TEM studies and R. Golestanian guided the theory discussion. We acknowledge microscopy
resources at the Beckman Institute, UIUC, and TEM resources at MRL, UIUC. We thank B. H. Lee and M. Shim for the ZnS/CdSe
quantum dots for characterizing the point spread function of the microscope.
1
1.1. Like-charged attraction between biopolymers: a short primer
interhelix distance ah is equal here to 2.88 ! 0.12 nm, in
agreement with the X-ray data collected for similar spermine
and NaCl concentrations (20). This hexagonal packing deter-
mines the faceting of the bundle (see for example Fig. 1G), as
seen already in bulk toroids (14). This faceting determined by the
cohesive energy between DNA strands is perturbed here by
other effects such as confinement, or surface effects at the capsid
interface.
The variability of sizes and shapes of the encapsidated
toroids is well illustrated in Fig. 1 and schematized in Fig. 2
A–D. To follow how the dimensions of the toroids depend on
the DNA content, the length LDNAin was determined from side
views of the toroid, assuming a perfect DNA hexagonal
packing. We used the relationship LDNAin (bp) " 2V/ahh#3,
with V the volume of the toroid and h the length of 1 DNA base
pair (i.e., 0.34 nm).
For small toroids (Fig. 1E), the section of the bundle was
approximated to a circle (Fig. 2A), and the toroid volume is
estimated from the inner and outer radii, rin and rout as V "
1⁄4!2(rin $ rout)(rout % rin)2. As predicted theoretically (21), the
section can be approximated to a circle up to a ratio LDNAin/Ltotal
" 0.25, i.e., for DNA lengths&28,500 bp (Ltotal being the 113,900
bp of the T5st (0) genome). For intermediate size toroids (Fig.
1 C and G), the cross-section was approximated to either a
rectangle or an ellipse, depending on the relative orientation of
the toroid and the capsid icosahedron (Fig. 2 B and C). V "
ab!(rin $ rout) and V " ab!2(rin $ rout), respectively (with a and
b the 2 sides of the rectangle or the 2 semiaxes of the ellipsoid).
For the larger condensates, the cross-section cannot be reliably
approximated to any simple shape (Fig. 2D), the surface S of
the cross-section was then cut out from positive prints and
measured by weighting; the volume was then calculated as V "
S !(rin $ rout).
Fig. 2E presents the data collected from '100 side-view
toroids. The 2 radii R and r are relevant parameters for small
toroids only, when the cross-section can be approximated to a
circle. Their ratio is almost constant and equal to 2.8 with a
large dispersion of the data around this average value. The
outer radius rrout of the toroid increases linearly with the DNA
length up to the limit imposed by the internal radius of the
capsid, i.e., 40 nm. This radius is reached when DNA is
(25,000–27,000 bp long (8.5–9.2 "m). For longer DNA chains,
the toroidal extension is limited by the capsid. Toroids are
confined in the capsid and distorted according to their location
and orientation relative to the icosahedral symmetries. Their
profile elongates along the z axis of the toroid and becomes
irregular compared with the hexagonally facetted sections
observed when toroids are formed in the bulk (14). The surface
of the toroid cross-section (S) increases linearly over the whole
range of DNA length that we explored (3 up to 55 kbp),
independent on the profile (Fig. 2E). For DNA chains &25
kbp, the toroids become smaller than the capsids. rout decreases
with the DNA length and can be as small as 21 nm for the
shortest molecules (3 kbp). In free toroids, the curvature
depends on several parameters: the DNA sequence, the ionic
environment, and the number of molecules in a toroid (11).
The radii of curvature are here much smaller than any
obtained even with synthetic DNA containing curved se-
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Fig. 1. Cryoelectron microscopy of T5 bacteriophages after partial DNA
ejection under pressure and spermine-induced condensation of the DNA kept
in the capsid. (A) Full and empty capsids coexist with capsids containing
intermediate amounts of DNA. In this latter situation, DNA forms toroids or
related shapes that are seen in top view (1), side view (2) andoblique views (3).
(B) Micrographs taken at a larger defocus let us recognize the bacteriophage
tail connected at one apex of the capsid, but prevent the observation of the
details of the toroidal DNA structure. (C–H) Projections of the capsids along
their 5-foldaxis (CandD), 2-foldaxis (Eand F), and3-foldaxis (GandH) present
different views of the icosahedral capsid. Side (C, E, and G) and top views (D,
F, andH) of the toroids canbe found for eachof these characteristic projection
views. The arrow inG underlines the alignments of DNA parallel to the capsid
surface. (Scale bar, 50 nm.)
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Fig. 2. Schematic representations of side view toroids of different sizes.
(A–D) Small (A), medium (B and C), and large (D), with the definition of the
inner (rin) and outer radii (rout) measured in each situation to calculate LDNAin.
(E) The outer radius rout, the R/r ratio and the surface S of the cross-section are
expressed as a function of LDNA. The error in themeasurements is estimated to
vary from 5% in large toroids to 15% in the smallest ones.
9158 ! www.pnas.org"cgi"doi"10.1073"pnas.0901240106 Leforestier and Livolant
a b
c d
Figure 1.1 | Condensed DNA toroids and F-actin bundles2 (a) Cryo-EM of T5 bacteriophages aer partial DNA
ejection under pressure and spermine-induced condensation. Scalebar is 50 nm. (b) Cryo-EM of λ-phage DNA
(20 μg/ml) condensed with Co(NH3)6Cl3 (0.2 mM). Scalebar is 50 nm. (c) F-actin cytoskeleton of a chondrocyte,
stained green. (d) Mixtures of two labeled F-actin populations (red, green) condensed into bundles at 100 mM
MgCl2. Scalebar is 8 μm.
in the presence of multivalent counterions to form close-packed bundles [10]. DNA condensation by multivalent
ions have also been observed [11, 12].
2 Panel a reprinted with permission from [13] Leforestier, A. & Livolant, F. Structure of toroidal DNA collapsed inside the phage capsid.
Proc. Natl. Acad. Sci. U.S.A. 106, 9157–62 (2009), Copyright ©2009 National Academy of Sciences, U.S.A.
Panel b reprinted with permission from [14] Hud, N. V. & Downing, K. H. Cryoelectron microscopy of lambda phage DNA condensates
in vitr ous ice: the ĕne structure of DNA toroids. Proc. Natl. Acad. Sci. U.S.A. 98, 14925–30 (2001), Copyright ©2001 National Academy
of Sciences, U.S.A.
Panel c sourced from Biomedical Sciences, Univ. of Edinburgh http://www.bms.ed.ac.uk/services/impact/index.html.
2
Correlations between like-chargedmacromolecules induce attractions. Whereas scaling approaches have
proven useful to describe neutral polymers, our understanding of polyelectrolyte solutions is quite rudimentary due
to the long range character of Coulomb interactions, the origin ofmany counterintuitive phenomena like like-charge
attraction and charge inversion. Under biological conditions, the bare charges on these macro-ions (or polyelec-
trolytes) are screened by the large zero-frequency dielectric response of water ("w ≃ 80 due to the permanent dipole
moment of water, a polar liquid) and the presence of coions and counterions. Although mean-ĕeld approaches
provide much insight into the screening by counterions, they do not reverse the sign of the interaction, and thus
fail to predict the biologically important attraction of like-charged electrolytes. e mean-ĕeld Poison Boltzmann
approach cannot produce attractions unless some form of correlation between counterions is introduced3.
It has since been generally accepted that correlations between multivalent ions are responsible for the formation
of close-packed bundles of like-charged polyelectrolytes [17, 18]. Such polyelectrolyte aggregation has been ob-
served for a range of diﬀerent biopolymers (DNA, F-actin, microtubules) and rodlike virus particles [10, 11, 19–
23], and is relevant to a wide range of problems, such as the aforementioned DNA packaging problem, cytoskeletal
regulation [24, 25] and cystic ĕbrosis [26–28].
Mean-ĕeld Poisson-Boltzmann cannot explain attractions. WebrieĘy review theDebyeHückel theory and
the Poisson-Boltzmann equation, the usual starting point for studying solvated electrostatics. e relation between
the electric potential  (r⃗) and the charge distribution (r⃗) at any point r⃗ is given by the Poisson equation:
∇2 = −4
"w
(r⃗) = −4e
"w
∑
i
zini(r⃗); (1.1)
where "w ≃ 80 is the aqueous dielectric constant (assumed constant throughout system), and ni is the number
density for ith ion species with valency zi. Consider Neumann boundary condition of ĕxed surface charge distri-
bution. For mean-ĕeld theory, the electrochemical potential i of the ith ion is deĕned as i = ezi + kBT lnni,
where the ĕrst term is the electrostatic contribution from the mean ĕeld  (r⃗) and the second term comes from the
ideal entropy of ions in the weak solution limit. In thermal equilibrium, i remains constant throughout. Conse-
quently, each ion density in the solution obeys a Boltzmann distribution according to the electric potential it feels:
ni = n∞i e−ezi /kBT , where the normalization n∞i is the concentration of ith ion far away from any ĕxed charges
and is usually the bulk ion concentration before the introduction of the macro-ions/polyelectrolytes. Combining
3 omas Angelini’s thesis work, “Counterion behavior in Biopolymers” (2005) remains a useful resource. Fun-to-read resources in-
clude [15, 16], and the implications of counterion-mediated self-organization in nucleic acids and proteins was recently reviewed [17].
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this mean-ĕeld approximation with Gauss’ law, we obtain the Poisson-Boltzmann equation (PBE):
∇2 (r⃗) = −4e
"w
∑
i
zie−ezi (r⃗)/kBT : (1.2)
e PBE for monovalent ions (z:-z salt like NaCl with global concentration n) reads
∇2 = −2D sinh(e (r⃗)/kBT ); (1.3)
where the Debye-Hückel screening length D is deĕned as
−1D =¿ÁÁÀ 4e2"wkBT ∑i z2i n∞i ≡ (4`B∑i z2i n∞i )
− 12 =√8`Bn: (1.4)
e Bjerrum length `B ≡ e2/"wkBT corresponds to the separation at which Coulombic interactions between unit
charges are comparable to thermal energy (inwater at room temperature, the value is `B ∼ 0:7nm). Notice PB theory
for counterions give rise to an exponentially decaying potential at large distances, in contrast with the common
monotonic-inverse relation with spacing for salt-free systems. eDebye screening length is oen used as an length
scale to approximate distances beyond which charged objects do not see each other. For example, for a simple 1:1
NaCl monovalent salt at 10 mM, the screening length is about 30 Å. For comparison, at room temperature in water,
`B is approximately 70 Å. Further linearizing the PB equation gives us the familiar Helmholtz equation∇2 = −2D  .
Manning condensation of counterions. Manning [29] and Oosawa [30] independently showed that a highly
charged rod-like polymer exerts such powerful attraction on its counterions that a certain fraction condenses onto
the polymer in the limit of vanishing polymer radius, and thereby renormalize the eﬀective charge density. Both
predicted condensation is triggered for polyelectrolytes of line charge e/l when the Manning parameter  ≡ `B/l is
greater than unity. e condensed fraction is just suﬃcient to reduce the net charge density to the universal value
e/`B (i.e.,  → 0). With monovalent counterions, Manning condensation allows for the reduction of charge density,
but never its inversion, and the interaction between identical polyelectrolytes remains repulsive, albeit reduced. e
theory for Manning-Oosawa condensation is still being actively developed [31–34]
Whenmultivalent counterions are introduced into polyelectrolyte systems, remarkable and counter-intuitive eﬀects
like like-charge attraction and overcharging/charge inversion come into play. Mean ĕeld theories do not account for
counterion correlations. It has been proposed that attraction could arise from correlated Ęuctuations or static cor-
relations between condensed multivalent counterion layers of adjacent polyelectrolytes (long range Wigner crystal
order [35, 36] or short range correlated Ęuid of counterions [37]). See Figure 1.2. e strong correlation between
multivalent ions is the main reason for bundle formation and growth.
4
Figure 1.2 | Models of attractive interaction from counterion correlations4. e macro-ions are represented as
uniform negatively charged rods, with positive counterions (+) condensed on top. (a) Positional correlations be-
tween Wigner crystals of ordered condensed counterions. e interaction energy is minimized when correlated
counterions on one rod oppose correlation holes (negatively charged spaces between adsorbed counterions) on the
other, thereby resulting in attractive even if there is net charge on the rods [38]. (b) ‘van der Waals’-like attraction
via correlated dynamic density Ęuctuations in counterion density, creating favorable oppositions between correla-
tion holes on one rod and condensed counterions on the other. (c) Standing charge-density wave of counterions
(green) between two over-twisted (from 13/6 to 36/17 symmetry) F-actin, reconstructed from SAXS study of Ba2+-
condensed F-actin.
Why do bundles stop growing?. Counterion-mediated attractions should allow aggregates of polyelectrolytes
to grow without limit. eoretical descriptions of polyelectrolyte condensation predict inĕnitely large aggregates in
equilibrium and macroscopic phase separation [36, 40, 41]. However, this does not match observations in experi-
ments and in cells (Figure 1.1): bundles always remain ĕnite in size.
To resolve this, diﬀerent theories were proposed (see schematics in Figure 1.2). e bundle diameter could, in
principle, be either kinetically or thermodynamically constrained. In solution, most rods meet at an angle with a
repulsive interaction, thus slowing down the growth kinetics and resulting in metastable bundles of ĕnite size [42].
Alternatively, ĕnite-sized equilibrium bundles may occur if steric eﬀects in the packing of counterions prevent neu-
tralization of the bundle [43], or if inherent frustration of the bundle structure exacts an energy penalty [39, 43].
Computer simulations of bundle formation also indicate the tendency towards a ĕnite aggregate size [44–47].
4 Panel c reproduced with permission from [39] from Angelini, T. E. et al. Like-charge attraction between polyelectrolytes induced by
counterion charge density waves. Proc. Natl. Acad. Sci. U.S.A. 100, 8634–8637 (2003), Copyright ©2003 National Academy of Sciences,
U.S.A.
5
1.1. Like-charged attraction between biopolymers: a short primer
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67
an
d 
sta
r f
or
m
at
io
n 
in
 th
e e
m
br
yo
ni
c d
isk
s. 
It 
is 
ne
ve
rt
he
le
ss
 te
m
pt
in
g 
to
 c
on
cl
ud
e 
th
at
 th
e c
ol
d 
str
ea
m
s h
yp
ot
he
siz
ed
 by
 D
ek
el 
et 
al
.8  
ca
n 
ex
pl
ai
n 
th
e f
or
m
at
io
n 
of
 th
e e
ar
ly
-
ep
oc
h 
m
as
siv
e d
isk
s. 
If 
so
, w
ha
t h
ap
pe
ns
 n
ex
t 
in
 th
e p
ro
ce
ss
 of
 ga
lax
y f
or
m
at
io
n?
 G
as
-r
ich
, 
tu
rb
ul
en
t d
isk
s a
re
 u
ns
ta
bl
e, 
an
d 
pr
on
e 
to
 
fra
gm
en
ta
tio
n 
an
d 
th
e f
or
m
at
io
n 
of
 m
as
siv
e 
sta
r-f
or
m
in
g c
lu
m
ps
 of
 ga
s12
, in
 ag
re
em
en
t w
ith
 
ob
se
rv
at
io
ns
3 . D
yn
am
ica
l f
ric
tio
n 
th
en
 fo
rc
es
 
th
e c
lu
m
ps
 to
 sp
ira
l r
ap
id
ly
 in
to
 th
e c
en
tre
 of
 
th
e g
ala
xy
, fo
rm
in
g a
 ce
nt
ra
l b
ul
ge
 su
rro
un
de
d 
by
 a 
re
m
na
nt
 d
isk
12
, w
ho
se
 p
re
se
nt
-d
ay
 re
lic
 
m
ay
 b
e t
he
 o
ld
 ‘t
hi
ck
 d
isk
’ c
om
po
ne
nt
 se
en
 
in
 n
ea
rb
y 
ga
la
xi
es
. G
as
 ac
cr
et
io
n 
de
cr
ea
se
s 
na
tu
ra
lly
 at
 la
te
r e
po
ch
s, 
pe
rh
ap
s a
id
ed
 by
 th
e 
en
er
gy
 in
je
ct
io
n 
of
 m
as
siv
e b
la
ck
 h
ol
es
 th
at
 
fo
rm
 at
 th
e g
al
ac
tic
 ce
nt
re
. D
isk
 tu
rb
ul
en
ce
 
th
en
 su
bs
id
es
, a
nd
 a 
m
at
ur
in
g t
hi
n 
di
sk
 ca
n 
pl
au
sib
ly
 gr
ow
 at
 re
ds
hi
ft 
≤1
. D
ep
en
di
ng
 o
n 
wh
et
he
r o
r n
ot
 a 
m
ajo
r m
er
ge
r o
cc
ur
s d
ur
in
g 
th
is 
pe
rio
d,
 th
e e
nd
-p
ro
du
ct
 m
ig
ht
 b
e a
 m
as
-
siv
e e
lli
pt
ica
l o
r d
isk
 ga
lax
y. 
Th
e w
or
k b
y D
ek
el 
an
d 
co
-w
or
ke
rs
 m
ay
 tu
rn
 ou
t t
o b
e a
 d
ec
isi
ve
 
ste
pp
in
g s
to
ne
 in
 el
uc
id
ati
ng
 th
e o
rig
in
 of
 th
es
e 
m
as
siv
e g
ala
xi
es
. 
N
I\
`e_
Xi
[>
\e
q\
c`j
Xk
k_
\D
Xo
Gc
Xe
Zb
@e
jk
`kl
k\

]f
i<
ok
iX
k\
ii\
jk
i`X
cG
_p
j`Z
j#
/,
.+
/>
Xi
Z_
`e^
#
>\
id
Xe
p#
Xe
[`
ek
_\
;
\g
Xi
kd
\e
kf
]G
_p
j`Z
j#
Le
`m\
ij
`kp
f]
:
Xc`
]f
ie
`X#
9\
ib
\c\
p#
LJ
8%
\$
d
X`c
1^
\e
q\
c7
d
g\
%d
g^
%[\
 (%
=f
ek
Xe
X#
8%
\k
Xc
%8
jki
fe
%8
jki
fg
_p
j%+
,0
#.
+,
Æ.
,.
)
''
- 
%
)%
J_
Xg
`if
#B
%C
%\
kX
c%8
jki
fg
_p
j%A
%-
/)
#)
*(
Æ)
,(
)
''
/ 
%
*%
>\
eq
\c#
I%
\k
Xc
%E
Xk
li
\+
+)
#.
/-
Æ.
/0
)
''
- 
%
+%
;
X[
[`#
<%
\k
Xc
%8
jki
fg
_p
j%A
%-
.'
#(,
-Æ
(.
)
)'
'.
 %
,%
;\
b\
c#8
%
9`
ie
Yf
`d
#P
%D
fe
%E
fk
%I
%8
jki
fe
%J
fZ
%*
-/
#
)Æ
)'
)
''
- 
%
-%
B\
i\
#
;%
#B
Xk
q#
E%
#N
\`e
Y\
i^
#;
%?
%
;
Xm
#
I%

D
fe
%E
fk
%I
%8
jki
fe
%J
fZ
%*
-*
#)
Æ)
/
)'
',
 %
.%
FZ
m`i
b#
G%#
G`
Z_
fe
#:
%
K\
pj
j`\
i#I
%D
fe
%E
fk
%I
%8
jki
fe
%J
fZ
%
*0
'#
(*
)-
Æ(*
*/
)
''
/ 
%
/%
;
\b
\c#
8
%\
kX
c%E
Xk
li
\+
,.
#+
,(
Æ+
,+
)
''
0 
%
0%
I\
\j
#D
%A%

F
jki
`b\
i#A
%G
%D
fe
%E
fk
%I
%8
jki
fe
%J
fZ
%(.
0#
,+
(Æ
,,
0
(0
..
 %
('
%N
_`k
\#
J%
;%
D
%
I\
\j
#D
%A%
D
fe
%E
fk
%I
%8
jki
fe
%J
fZ
%(/
*#
*+
(Æ
*,
/
(0
./
 %
((%
<
iY
#;
%B
%8
jki
fg
_p
j%A
%-
.+
#(,
(Æ(
,-
)
''
/ 
%
()
%9
fl
ie
Xl
[#
=%#
<c
d
\^
i\
\e
#9
%>
%
<c
d
\^
i\
\e
#;
%D
%
8j
kif
g_
pj
%A%
-.
'#
)*
.Æ
)+
/
)'
'.
 %
JK
IL
:K
LI
8C
9
@F
CF
>P

8Z
k`e
`e
X
kn
`jk
B\
ee
\k
_:
%?
fc
d
\j

?f
n
d
fe
fd
\i
jf
]k
_\
Zp
kf
jb
\c
\k
Xc
gi
fk
\`
eX
Zk
`e
af
`e
kf
]f
id
k_
\j
kX
Yc
\
gf
cpd
\i
jZ
il
Z`X
ck
fd
lj
Zc\
Zf
ek
iX
Zk
`f
eX
e[
Z\
ccl
cX
id
fk
`c`k
p_
Xj
Y\
\e
X
cf
e^
$j
kX
e[
`e
^h
l\
jk
`f
e%
8
jk
Xk
\$
f]
$k_
\$
Xi
kX
gg
if
XZ
_g
if
m`[
\j
Xe
Xe
jn
\i
%
Th
e a
ct
in
 pr
ot
ein
 is
 ab
un
da
nt
 in
 al
l e
uk
ar
yo
tic
  
ce
lls
 (t
ho
se
 c
ha
ra
ct
er
iz
ed
 b
y 
a 
m
em
br
an
e-
bo
un
d 
nu
cle
us
), 
an
d 
is 
pa
rti
cu
lar
ly 
pr
ev
ale
nt
 
in
 m
us
cle
, w
he
re
 it
 co
m
pr
ise
s a
bo
ut
 2
0%
 o
f 
th
e 
to
ta
l m
as
s. 
Ac
tin
 c
om
es
 in
 tw
o 
fo
rm
s: 
m
on
om
er
ic,
 gl
ob
ul
ar
 G
-a
ct
in
; a
nd
 p
ol
y m
er
ic,
 
fil
am
en
to
us
 F
-a
ct
in
. F
-a
ct
in
 fo
rm
s t
hr
ou
gh
 
po
lym
er
iza
tio
n 
of
 G
-a
ct
in
, a
 pr
oc
es
s t
ha
t h
as
 a 
ce
nt
ra
l r
ol
e i
n c
ell
 m
ot
ili
ty.
 In
 no
n-
m
us
cle
 ce
lls
, 
fo
r e
xa
m
pl
e, 
po
lym
er
iza
tio
n 
of
 F-
ac
tin
 in
du
ce
s 
ce
ll 
m
ov
em
en
t b
y p
us
hi
ng
 st
ru
ct
ur
es
 su
ch
 as
 
m
em
br
an
es
 fo
rw
ar
ds
1 . 
Al
so
, w
he
n 
on
e s
ta
nd
s 
or
 w
alk
s, 
all
 of
 th
e t
en
sio
n 
ca
us
in
g m
us
cle
 co
n-
tra
cti
on
 is
 pr
od
uc
ed
 in
 m
us
cle
 fi
br
es
 by
 F-
ac
tin
 
fil
am
en
ts 
in
te
ra
ct
in
g w
ith
 th
e m
ot
or
 p
ro
te
in
 
m
yo
sin
2,
3 . 
A
lth
ou
gh
 th
e a
to
m
ic
 st
ru
ct
ur
e o
f 
G
-a
ct
in
 h
as
 b
ee
n 
kn
ow
n 
fo
r a
lm
os
t 2
0 y
ea
rs
4 , 
str
uc
tu
ra
l d
et
ai
ls 
of
 th
e F
-a
ct
in
 m
on
om
er
 —
 
wh
ich
 is
 si
m
ila
r, 
bu
t n
ot
 id
en
tic
al,
 to
 G
-a
ct
in
 
—
 h
av
e r
em
ain
ed
 el
us
iv
e. 
Re
po
rti
ng
 o
n 
pa
ge
 
44
1 
of
 th
is 
iss
ue
, O
da
 et
 a
l.5
 d
er
iv
e 
a 
hi
gh
-
re
so
lu
tio
n 
str
uc
tu
re
 o
f F
-a
ct
in
 fr
om
 an
aly
sis
 
of
 X
-r
ay
 fi
br
e-
di
ffr
ac
tio
n 
pa
tte
rn
s t
o e
lu
cid
ate
 
th
e t
ra
ns
iti
on
 fr
om
 G
- t
o F
-a
ct
in
. 
Th
e s
tr
uc
tu
re
 o
f G
-a
ct
in
 h
as
 b
ee
n 
de
te
r-
m
in
ed
 in
de
pe
nd
en
tly
 m
or
e t
ha
n 
30
 ti
m
es
. 
Th
es
e d
at
a s
ho
w 
th
at
 G
-a
ct
in
 is
 a 
ra
th
er
 fl
at
 
m
ol
ec
ul
e b
ui
lt f
ro
m
 tw
o s
im
ila
r m
ajo
r d
om
ain
s 
(o
ut
er
 an
d 
in
ne
r)
 re
lat
ed
 b
y a
 p
se
ud
o-
dy
ad
, 
wi
th
 a 
m
ol
ec
ul
e o
f t
he
 n
uc
leo
tid
e A
TP
, o
r i
ts 
hy
dr
ol
ys
ed
 ve
rs
io
n A
D
P, 
bo
un
d b
et
we
en
 th
em
 
(F
ig
. 1
a)
. T
he
 te
rm
s o
ut
er
 an
d i
nn
er
 re
fer
 to
 th
e 
po
sit
io
n o
f t
he
se
 do
m
ain
s i
n t
he
 F-
ac
tin
 st
ru
c-
tu
re
. E
lec
tro
n-
m
icr
os
co
py
 d
at
a6
 h
av
e s
ho
wn
 
F-
ac
tin
 to
 b
e m
ad
e o
f t
wo
 ch
ai
ns
 th
at
 tu
rn
 
gr
ad
ua
lly
 ro
un
d 
ea
ch
 o
th
er
 to
 fo
rm
 a 
rig
ht
-
ha
nd
ed
 ‘lo
ng
-p
itc
h’ 
he
lix
. T
he
 in
ne
r d
om
ai
n 
is 
clo
se
r t
o t
he
 ax
is 
of
 th
is 
he
lix
. 
By
 co
nt
ra
st,
 so
lvi
ng
 th
e s
tru
ct
ur
e o
f F
-a
ct
in
 
ha
s b
ee
n 
ch
al
le
ng
in
g.
 D
es
pi
te
 a 
pl
et
ho
ra
 o
f 
m
od
ifi
ca
tio
ns
 to
 th
e 
G
-a
ct
in
 st
ru
ct
ur
e 
—
 
in
clu
di
ng
 th
e u
se
 o
f v
ar
io
us
 A
TP
 an
al
og
ue
s, 
dr
ug
 bi
nd
in
g,
 ca
pp
in
g p
ro
te
in
s o
r c
ro
ss
lin
k-
in
g t
o m
ak
e t
he
 G
-a
ct
in
 lo
ok
 lik
e F
-a
ct
in
 —
 al
l 
of
 th
e s
tru
ct
ur
es
 de
riv
ed
 ha
ve
 be
en
 es
se
nt
ial
ly 
th
e s
am
e a
s t
ha
t o
f t
he
 G
-a
ct
in
 m
on
om
er
, a
nd
 
no
ne
 ha
s y
iel
de
d t
he
 se
cr
et
 of
 th
e G
- t
o F
-a
ct
in
 
tra
ns
iti
on
.
Th
e m
os
t d
et
ai
led
 d
at
a o
n 
th
e s
tru
ct
ur
e o
f 
F-
ac
tin
 ca
m
e f
ro
m
 X
-r
ay
 d
iff
ra
ct
io
n 
of
 ar
ra
ys
 
of
 th
is 
fil
am
en
to
us
 pr
ot
ein
 or
ien
ted
 in
 a 
liq
ui
d-
 
cr
ys
ta
lli
ne
 ge
l7 .
 D
iff
ra
ct
io
n 
fro
m
 an
 or
ien
te
d 
ge
l g
iv
es
 a 
fib
re
 d
iag
ra
m
 —
 a 
se
ct
io
n 
th
ro
ug
h 
th
e d
iff
ra
ct
io
n 
pa
tte
rn
 of
 a 
sin
gl
e f
ib
ro
us
 m
ol
-
ec
ul
e t
ha
t h
as
 b
ee
n 
av
er
ag
ed
 b
y 
sp
in
ni
ng
 it
 
ar
ou
nd
 th
e f
ib
re
 ax
is 
(c
yli
nd
ric
al 
av
er
ag
in
g)
. If
 
th
e m
ol
ec
ul
e h
as
 pe
rio
di
c r
ep
ea
ts,
 as
 in
 F-
ac
tin
, 
th
en
 th
e f
ib
re
 d
ia
gr
am
 co
ns
ist
s o
f a
 se
rie
s o
f 
lin
es
 ca
lle
d 
lay
er
 li
ne
s. 
Th
e b
es
t w
ay
 to
 in
te
r-
pr
et
 su
ch
 a 
di
ag
ra
m
 is
 to
 co
m
pu
te
 it
 fr
om
 a  
a b
*
=`^
li
\(
sD
fe
fd
\i
m\
ij
lj
gf
cp
d
\i
%
X,
 G
-a
ct
in
 
m
on
om
er
s c
on
sis
t o
f t
wo
 si
m
ila
r d
om
ai
ns
: o
ut
er
 
(g
re
y)
 an
d 
in
ne
r (
bl
ue
). 
Th
e n
am
es
 re
lat
e t
o t
he
 
po
sit
io
n 
of
 ea
ch
 d
om
ai
n 
in
 th
e F
-a
ct
in
 h
eli
x —
 
th
e i
nn
er
 d
om
ai
n 
is 
clo
se
r t
o t
he
 h
eli
x a
xi
s. 
Th
e 
bo
un
d 
AD
P 
m
ol
ec
ul
e (
m
ag
en
ta
) i
s s
an
dw
ich
ed
 
be
tw
ee
n 
th
e i
nn
er
 an
d 
ou
te
r d
om
ai
ns
. (
D
at
a 
fro
m
 re
f. 
9.
) Y
, O
da
 et
 al
.5  
pr
ov
id
e a
n 
at
om
ic 
m
od
el 
of
 th
e F
-a
ct
in
 h
eli
x. 
Th
is 
he
lix
 re
pe
at
s 
in
 si
x l
ef
t-h
an
de
d 
tu
rn
s (
m
ea
su
rin
g 3
5.
7 
na
no
m
et
re
s).
 E
ac
h 
re
pe
at
 co
nt
ai
ns
 13
 m
ol
ec
ul
es
 
so
 th
at
 th
e f
irs
t m
ol
ec
ul
e o
f e
ac
h 
re
pe
at
 
(a
rr
ow
ed
) i
s i
n 
an
 id
en
tic
al
 or
ien
ta
tio
n.
 B
ec
au
se
 
th
e r
ot
at
io
n 
pe
r m
ol
ec
ul
e (
16
7°
) i
s c
lo
se
 to
 18
0°
, 
th
e F
-a
ct
in
 st
ru
ct
ur
e a
pp
ea
rs
 as
 tw
o l
on
g-
pi
tc
h 
he
lic
es
 sl
ow
ly
 w
in
di
ng
 ar
ou
nd
 ea
ch
 ot
he
r. 
Ea
ch
 
of
 th
e 1
4 G
-a
ct
in
 m
ol
ec
ul
es
 of
 th
e h
eli
x i
s s
ho
wn
 
in
 a 
di
ffe
re
nt
 co
lo
ur
, a
pa
rt
 fr
om
 th
e g
re
y–
bl
ue
 
m
ol
ec
ul
e t
ha
t i
s s
ho
wn
 in
 tw
o c
ol
ou
rs
 fo
r 
co
m
pa
ris
on
 w
ith
 X 
(a
ste
ris
k)
. 
*/
0
E8
KL
I<
sM
fc
+
,.
s)
)
AX
el
Xi
p)
''
0
E
<N
J

M
@<
N
J

)
''
0
D
XZ
d
`ccX
e
Gl
Yc
`j_
\i
jC
`d
`k\
[%
8
cci
`^
_k
ji
\j
\i
m\
[
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
and star formation in the embryonic disks. 
It is nevertheless tempting to conclude 
that the cold streams hypothesized by Dekel 
et al.8 can explain the formation of the early-
epoch massive disks. If so, what happens next 
in the process of galaxy formation? Gas-rich, 
turbulent disks are unstable, and prone to 
fragmentation and the formation of massive 
star-forming clumps of gas12, in agreement with 
observations3. Dynamical friction then forces 
the clumps to spiral rapidly into the centre of 
the galaxy, forming a central bulge surrounded 
by a remnant disk12, whose present-day relic 
may be the old ‘thick disk’ component seen 
in nearby galaxies. Gas accretion decreases 
naturally at later epochs, perhaps aided by the 
energy injection of massive black holes that 
form at the galactic centre. Disk turbulence 
then subsides, and a maturing thin disk can 
plausibly grow at redshift ≤1. Depending on 
whether or not a major merger occurs during 
this period, the end-product might be a mas-
sive elliptical or disk galaxy. The work by Dekel 
and co-workers may turn out to be a decisive 
stepping stone in elucidating the origin of these 
massive galaxies. N
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The actin protein is abundant in all eukaryotic 
cells (those characterized by a membrane-
bound nucleus), and is particularly prevalent 
in muscle, where it comprises about 20% of 
the total mass. Actin comes in two forms: 
monomeric, globular G-actin; and poly meric, 
filamentous F-actin. F-actin forms through 
polymerization of G-actin, a process that has a 
central role in cell motility. In non-muscle cells, 
for example, polymerization of F-actin induces 
cell movement by pushing structures such as 
membranes forwards1. Also, when one stands 
or walks, all of the tension causing muscle con-
traction is produced in muscle fibres by F-actin 
filaments interacting with the motor protein 
myosin2,3. Although the atomic structure of 
G-actin has been known for almost 20 years4, 
structural details of the F-actin monomer — 
which is similar, but not identical, to G-actin 
— have remained elusive. Reporting on page 
441 of this issue, Oda et al.5 derive a high-
resolution structure of F-actin from analysis 
of X-ray fibre-diffraction patterns to elucidate 
the transition from G- to F-actin. 
The structure of G-actin has been deter-
mined independently more than 30 times. 
These data show that G-actin is a rather flat 
molecule built from two similar major domains 
(outer and inner) related by a pseudo-dyad, 
with a molecule of the nucleotide ATP, or its 
hydrolysed version ADP, bound between them 
(Fig. 1a). The terms outer and inner refer to the 
position of these domains in the F-actin struc-
ture. Electron-microscopy data6 have shown 
F-actin to be made of two chains that turn 
gradually round each other to form a right-
handed ‘long-pitch’ helix. The inner domain 
is closer to the axis of this helix. 
By contrast, solving the structure of F-actin 
has been challenging. Despite a plethora of 
modifications to the G-actin structure — 
including the use of various ATP analogues, 
drug binding, capping proteins or crosslink-
ing to make the G-actin look like F-actin — all 
of the structures derived have been essentially 
the same as that of the G-actin monomer, and 
none has yielded the secret of the G- to F-actin 
transition.
The most detailed data on the structure of 
F-actin came from X-ray diffraction of arrays 
of this filamentous protein oriented in a liquid- 
crystalline gel7. Diffraction from an oriented 
gel gives a fibre diagram — a section through 
the diffraction pattern of a single fibrous mol-
ecule that has been averaged by spinning it 
around the fibre axis (cylindrical averaging). If 
the molecule has periodic repeats, as in F-actin, 
then the fibre diagram consists of a series of 
lines called layer lines. The best way to inter-
pret such a diagram is to compute it from a 
a
b
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monomers consist of two similar domains: outer 
(grey) and inner (blue). The names relate to the 
position of each domain in the F-actin helix — 
the inner domain is closer to the helix axis. The 
bound ADP molecule (magenta) is sandwiched 
between the inner and outer domains. (Data 
from ref. 9.) Y, Oda et al.5 provide an atomic 
model of the F-actin helix. This helix repeats 
in six left-handed turns (measuring 35.7 
nanometres). Each repeat contains 13 molecules 
so that the first molecule of each repeat 
(arrowed) is in an identical orientation. Because 
the rotation per molecule (167°) is close to 180°, 
the F-actin structure appears as two long-pitch 
helices slowly winding around each other. Each 
of the 14 G-actin molecules of the helix is shown 
in a different colour, apart from the grey–blue 
molecule that is shown in two colours for 
comparison with X (asterisk). 
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and star formation in the embryonic di ks. 
It is nevertheless tempting to conclude 
that the cold str ams hypothesized by Dekel 
et l.8 can explain the formation of the early-
epoch m ssive disks. If so, what happens next 
in the process of galaxy formation? Gas-rich, 
urbule t disks are unstable, and prone to 
f agmentation and the formation of massive 
tar-forming clumps of gas12, in agreement with 
observations3. Dynamical friction then forces 
the clumps to spiral rapidly into the centre of 
the ga axy, forming a central bulge surrounded 
by a m ant disk12, whose present-day relic 
may be the old ‘thick disk’ component seen 
in n arby galaxies. Gas accretion decreases 
naturally at later epochs, perhaps aided by the 
en rgy injection of massive black holes that 
form at the galactic centre. Disk turbulence 
hen subsides, and a maturing thin disk can 
plausibly grow at redshift ≤1. Depending on 
whether or not a major merger occurs during 
this period, the end product might be a mas-
sive elliptical or disk galaxy. The work by Dekel 
and co-workers may turn out to be a decisive 
stepping sto e in elucidating the origin of these 
massive galaxies. N
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The actin protein is abundant in all eukaryotic 
cells (those characterized by a membrane-
bound nucleus), a d is articularly prevalent 
in muscle, where it comp ises about 20% of 
the total mass. Actin comes in two forms: 
mo omeric, globular G-actin; nd poly m ri , 
filamentous F-actin. F-actin forms throug  
polymeriza ion of G-actin, a process th t has a 
ce tral role in cell motility. In non-muscle cells, 
for example, polym rization of F-a tin induces 
cell movement by pushing stru tures uch as 
membra es forwards1. Also, when one stands 
or walks, all of the tension causing muscle con-
traction is produced in muscle fibres by F-actin 
filaments interacti g with the motor prot in 
myosin2,3. Although the atomic structure of 
G-actin has been known for almost 20 years4, 
structural details of the F-actin monomer — 
which is similar, but not identical, to G-actin 
— have remai ed elusive. Reporting on page 
441 of this issue, Oda et al.5 derive a high-
resolution structure of F-ac in from analysis 
of X-ray fibre-diffraction patterns to elucidate 
the tra sition from G- to F-actin. 
T e tructur  of G-actin has been d ter-
mined i depend ntly m re than 30 times. 
These d ta s ow that G-actin is a rather flat 
olecule built from two similar majo  domains 
(outer and inner) related by a pseudo-dyad, 
with a molecule of the nucleotide ATP, or its 
hydrolysed v rsion ADP, bound between them 
(Fig. 1a). The terms outer and inner refer to the 
position of these domains in the F-actin struc-
ture. Electron-microscopy data6 have shown 
F-a tin to be made of two chains th t turn 
gradually round each other to form a right-
handed ‘long-pitch’ helix. The inner domain 
is c oser to the axis of this helix. 
By ontrast, solv g the structure of F-actin 
has b en challenging. Despite a plethora of 
modifications to the G-actin struc ur  — 
including the use of various ATP analogues, 
drug binding, capping proteins or crosslink-
ing to make he G- ctin look like F-actin — all 
of the structures derived have been essentially 
the sa e as that of the G-actin monomer, and 
none as yielded the secret of the G- to F-actin 
transition.
The most detailed data on the structure of 
F-actin came from X-ray diffraction of arrays 
of this filamentous prote orien ed i  a liq id-
crystalline gel7. Diffractio  from an oriented 
gel gives a fibre diagram — a section through 
the diffracti n pattern of a single fibrous mol-
ecule that has been averaged by spinning it 
around th  fibre axis (cylindrical averaging). If 
the molecule has periodic repeats, as in F-actin, 
then he ibr  diagram consists of a series of 
lines called layer lines. The best way to inter-
pret such a diagram is t  compute it from a 
a
b
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onomers consist of two similar domains: outer 
(grey) and inner (blue). The names relate to the 
position of each domain in the F-actin helix — 
the inn r domain is closer to the helix axis. The 
bound ADP molecule (magenta) is sandwiched 
between the inner and outer domains. (Data 
from ref. 9.) Y, Oda et al.5 provide an atomic 
model of the F-actin helix. This helix repeats 
in six left-handed turns (measuring 35.7 
nanometres). Ea h repeat contains 13 molecules 
so that th  first molecule of each repeat 
(a rowed) is in an id ntical orientation. Because 
the rotati n per molecule (167°) is close to 180°, 
the F-actin struc ure appears as two long-pitch 
helices sl wly winding around each other. Each 
of the 14 G-actin molecules of the helix is shown 
in a diff rent co our, apart from the grey–blue 
molecule that is shown in two colours for 
comparison with X (asterisk). 
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Figure 1.3 | Comparing G-actin monomer to unit in F-actin5. (A) A G-actin monomer consists of outer (grey)
and inner (blue) domains corresponding their position in the F-actin helix. (B) Atomic model of the F-actin helix.
e helix repeats in six le-hand turns (measuring 35.7 nm) and each repeat contains 13 molecules (13/6 helical
symmetry).
Primer on F-actin. Actin is the most abundant cytoskeleton protein in eukaryotic cells, particularly in muscle
cells where it can comprise about 20% of the total mass. Actin exists in a dynamic equilibrium between m nomeric
globular actin (G-actin) and polymeric F-actin. F-actin arises from the polymerization of G-actin, a process that has
a central role in cellmotility. Although the structure of G-actin has been known formore than 20 years, the structure
of the monomer when incorporated in a F-actin polymer was only recently elucidated [48], which is similar but not
identical (Figure 1.3). e Ęat conformation of F-actin also verymuch resembles that of the bacterial actin analogue
called MreB.
Finite F-actin bundles a common trait. In vivo, the cytoskeletal organization of F-actin is controlled pre-
dominantly by ABPs which cross-link actin into a polymorphism of bundled (e.g. via α-actinin, espin and fascin)
and networked phases (Arp2/3 complex). Although parallel bundles formed by ABPs and simple multivalent ions
vary in size, they still share a ĕnite size characteristic. eories have proposed frustration in bundle formati n [40,
49] may limit bundle siz , and we h ve recent evidence that both espin and fascin induce twist stresses when they
bundle actin ĕlaments [50, 51].
5 Rep nted with permission from Macmillan Publishers Ltd: [52] Holmes, K. C. STRUCTURAL BIOLOGY Actin in a twist. Nature 457,
389–390 (2009), Copyright ©2009.
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1.2 Experimental
In this chapter, we use confocal microscopy to investigate the time evolution of Mg2+ induced F-actin bundles.
We track the growth of over 20,000 bundles using two Ęuorescently labeled populations of F-actin (red and green)
to explore how ĕlaments add to existing bundles, how ĕlaments mix within a bundle and how bundles interact
with one another. e growth mode evolves with time, starting with initial rapid lateral growth to a saturation
in bundle width, followed by subsequent longitudinal bundle growth. A range of saturation bundle widths are
observed, most of which are <100nm, which has been independently conĕrmed with electron microscopy (EM).
e size range is insensitive to Mg2+ concentration (from just above the onset of bundle formation at ∼25mM up to
the reentrant dissolution limit of ∼1.1M), and persists for linear and branched topologies, with the same observed
width for successive generations of branches. is is conĕrmed by EM images with single-ĕlament resolution that
show how a size-limited bundle evolves into two such bundles at a branch. Interestingly, late-stage bundle-bundle
interactions, which are not yet accessible to computer simulations, vary with salt level. End-to-end longitudinal
aggregation of bundles via junctions is the dominant growth mode at high salt. e temporal evolution of junction
densities approximately follows Smoluchowski Ęocculation kinetics and the system essentially stops evolving aer
free ĕlaments in solution are depleted. e results show that kinetics do play an important role in controlling the
length of the bundles rather than the width, and in the internal mixing of ĕlaments within bundles.
Monomeric G-actin, mw 43,000, in a 2mg/ml solution (5mM Tris buﬀer at pH 8.0, with 0.2mM CaCl2, 0.5mM
ATP, 0.2mM DTT, and 0.01% NaN3) was polymerized into F-actin at 100mM KCl for 1 hour. Refer to Appendix
A.1 (page 97) for full preparation details. F-actin was treated with human plasma gelsolin to control length and
with phalloidin to prevent depolymerization. e F-actin was centrifuged at 100k × g for an hour, resuspended in
H20 (0.03 - 0.1 mg/ml), and labeled with two diﬀerent dyes: green (Alexa Fluor 488 C5-maleimide) and red (Alexa
Fluor 546 C5-maleimide) at Cys-374 of actin. Unlike phallodin dyes, these dyes bind covalently to F-actin and do
not migrate.
A Leica SP2 confocal microscope (point spread function of 0.25 μmmeasured with 3.8 nm quantum dots) was used
to image F-actin bundles, the widths of which were measured with an automated edge-ĕnding program. Typically,
more than 30 bundles were measured per image andmore than 30 images were analyzed to obtain a single averaged
measurement. EM was performed with a JEOL 2100 (Gatan 1k × 1k CCD), and samples were negatively stained
with pH 6.8 Nano-W (Nanoprobes). For time-lapse studies of bundle evolution upon salt addition, an observation
cell with a dialysis membrane was utilized as described previously [53].
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1.3. Results and Discussion
20 60 240
Figure 1.4 | Time-lapse sequence of actin bundle growth near the onset of salt-induced condensation shows the
dominant longitudinal growth mode. F-actin is labeled with Alexa Fluor 488 in the confocal micrograph. Scalebar
is 20 μm, and annotations denote time in seconds.
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Figure 1.5 | Confocal microscopy study of F-actin bundle widths over a range ofMg2+ concentrations. emean
and mode of the width distribution at each salt condensation are denoted by + and × markers. A least-square ĕt
through all the modes (× markers) produces a stationary trend (∼0.29 μm) that is close to most of the means (+
markers). e point spread function (0.25 μm) was measured with 3.8 nm quantum dots.
1.3 Results and Discussion
Bundles grow to a width limit followed by elongation. Time lapse images at the onset of condensation (Fig-
ure 1.4) unambiguously show a rapid saturation in bundle width followed by bundle elongation. Using confocal
microscopy at optical resolution, we estimate the mean virtual bundle width to be ∼0.29 μm for the solution condi-
tions examined here, although larger bundles at ∼0.40 μm exist (Figure 1.5). is average width is roughly constant
for [Mg2+] from just above the onset of bundle formation at ∼25 mM to the threshold of bundle dissolution at ∼1.1
M, above which bundles are observed to redissolve. It is also insensitive to actin concentration over the limited
range studied (0.03 mg/ml - 0.1 mg/ml). Aer deconvolving the instrumental point spread function, this implies
a mean bundle width of ∼40 nm, with the largest observed bundles in the ∼100 nm range. Smaller pre-saturation
aggregates are observed at lower salt levels, but their size polydispersity and rapid time evolution prevent a reliable
measurement using a scanning probe like confocal microscopy.
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Figure 1.6 | Candy cane experiments with F-actin. F-actin bundles (labeled red) are mixed with green actin
ĕlaments. (a) Schematic of longitudinal growth between bundle and ĕlaments. (b) Longitudinal growth as green
‘tracer’ ĕlaments add onto red bundles at 70 mM Mg2+. (c)-(e) Longitudinal aggregation between red and green
bundles at 50, 60 and 100 mMMg2+, respectively. Scalebar is 8 μm.
Candy-cane experiments with F-actin bundles. In order to evaluate potential sources of kinetic constraints,
it is important to see how individual ĕlaments are incorporated to existing bundles (Figure 1.6a). We prepared
bundles composed of red (Alexa 546) F-actin (0.03 mg/ml) at well-deĕned salt concentrations and added trace
amounts (∼5-10× smaller) of green (Alexa 488) F-actin to the solution with no added salt. We observed that the
bundles grow longitudinally, keeping their width constant (see Figure 1.6b, where bundles of the same saturation
width transition from one color to another). An interesting feature in these bundles is the signiĕcant mixing of red
and green ĕlaments around junctions. e yellow junction regions correspond to the co-localization of red and
green ĕlaments (Figure 1.6a for a schematic).
e fact that many bundles exhibit more than two color transitions along their lengths suggests the occurrence of
longitudinal bundle aggregation 6. Examples of such longitudinal bundle aggregation can be seen in Figure 1.6c-e,
which show snapshots of mixing red bundles and green bundles at constant initial salt concentration. We ĕnd that
bundles either remain unconnected or aggregate end-to-end 7. e mean virtual bundle width is found to be ∼0.29
μm around junctions, the same as the previously measured saturation bundle width. Even for branched bundles,
we ĕnd uniform bundle widths before and aer the junctions.
Characterizing Mg2+-induced actin bundles with TEM. Using high resolution EM, we measure the range
of bundle widths for the present solution conditions, and ĕnd ∼40 nm-120 nm, in agreement with confocal mi-
croscopy estimates above. Figure 1.7 shows a negative stain image of a branched bundle. It can be seen clearly that
although the junction itself is wider than the observed width limit, the bundle width well before and well aer the
junction returns to the same limited size, also in agreement with our low-resolution confocal microscopy results.
6 Since red bundles can join with other red bundles, the lack of an observable longitudinal red-green junction is not suﬃcient proof that no
junction has occurred.
7 Candidates for lateral growth were observed at low salt, but they are rare (1 candidate in 20 junctions) compared to the dominant longi-
tudinal growth.
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50 nm
Figure 1.7 | A bundle junction. Five negative stain (pH 7) TEM micrographs were stitched together to show a
bundle junction, prepared at 30 mMMg2+. Scalebar is 50 nm.
is suggests that when a bundle locally grows beyond its size limit, it can split oﬀ into two bundles below the size
limit.
Interestingly, the ĕlaments on the surfaces of representative ĕnite-sized bundles are disordered (Figure 1.7). For
clearer visualization of the ĕlament disorder, 100 EM micrographs were stitched together and snapshots along the
actin bundle are displayed in Figure 1.8. is disorder may play an important role in the mechanism of the size
limit. In the large (∼micron) actin bundles in the published literature [54], the actin is signiĕcantly more ordered, in
contrast to our results with the small ∼100nmbundles. We hypothesize that diﬀerent solution conditions potentially
lead to diﬀerent degrees of ordering within bundles, and result in diﬀerent size limits.
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Figure 1.8 | F-actin bundle condensed byMg2+ counterions, from 100 TEMmicrographs stitched together (top).
Diﬀerent regions (1-4) of the bundle magniĕed below reveal ordered sections as well as disordered sections (e.g. 4)
that may come from bundles splicing together at their ends.
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Figure 1.9 | Filament population mixing within bundles. Panels (a)-(c) show mixed red and green f-actin popu-
lation with 30 mM Mg2+ initially, 1 hr and 24 hr later, respectively. e signiĕcant background of red and green
ĕlaments at low salt fades away with increasing salt and time. Panels (d)-(f) show the same time progression with
100 mMMg2+. Occurrence of yellow regions decreased as we increased initial [Mg2+]. Scalebar is 20 μm.
Tracking intra-bundle and junction evolution. To track the long-term evolution of junction formation, dif-
ferent time series of images were collected at diﬀerent [Mg2+]. F-actin/Mg samples (0.03 mg/ml) were allowed to
bundle for 10 minutes before the mixing of red and green bundles. Since most of the actin bundles eventually ad-
hered to surfaces, it was not possible to observe extended time evolution in situ. Instead, fresh slides were prepared
from an evolving sample at diﬀerent times.
e distribution of red/green ĕlaments within a bundle depends sensitively on the initial [Mg2+] prior to mixing of
red and green bundles. On the ĕrst row of Figure 1.9, diﬀerent ensembles of red and green bundles are shown for
30 mM and 100 mMMgCl2 aer initial mixing. e background of uncondensed red and green F-actin ĕlaments
is clearly visible for the 30 mM sample (FFigure 1.9a), with few green and red bundles formed. Upon increasing
[Mg2+], we observe more bundle formation and less of the uncondensed F-actin background (Figure 1.9d). For
all [Mg2+], few junctions are observed between red and green bundles initially. We see a signiĕcant increase in
frequency of junctions aer one hour. Bundle junction formation falls oﬀ drastically aer a day, with samples shown
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in the rightmost column of Figure 1.9. For the 30 mM salt sample, the bundles are already predominantly yellow
aer an hour, indicating a mixed population of red and green ĕlaments. With higher initial salt concentration, short
segments of pure green and pure red appear between long yellow junctions. e fraction of pure red and green
segments becomes larger with increasing salt until bundles are organized into distinct red and green segments with
relatively abrupt red/green junctions.
Filament mixing depends on salt levels. Possible mechanisms for this long-term behavior include salt de-
pendent mobility and mixing within a bundle, and salt-dependent availability of free ĕlaments in solution. e ĕrst
hypothesis implies high ĕlament mobility within a bundle at low salt. We conducted Fluorescence Recovery Aer
Photobleaching (FRAP) experiments by bleaching micron-sized spots on single-colored actin bundles in low salt
and observed no recovery within 2 hours, so the longitudinal mobility of ĕlaments within bundles is limited. Al-
though sliding is likely important for the initial stages of bundle formation [46, 55], this suggests that when ĕlaments
get added to mature, preformed bundles at the bundle lengthening stage of growth, they do not slide appreciably
along the bundles, and are analogous to Diﬀusion Limited Aggregation (DLA) clusters of sticky colloids.
In the second hypothesis, the salt concentration controls the availability of single ĕlaments in solution, which grow
from the ends of existing bundles that eventually aggregate together longitudinally. is implies long yellow junc-
tions for low salt, where there is signiĕcant concentration of free ĕlaments to add to existing bundles, and little
or no yellow junctions for high salt, where free ĕlaments are depleted, in agreement with observations. To test
this, two week-old separate populations of 30 mM [Mg2+] red and green bundles (with presumably depleted free
ĕlaments) were mixed. Distinct red and green bundles were observed aer an hour with very few junctions, all
of which were red/green with no yellow mixed junctions, in sharp contrast with earlier results of yellow bundles
(Figure 1.9b,c). Moreover, we used 2-month-old equilibrated red bundles that were no longer evolving, and added
fresh trace amounts of green ĕlaments. New longitudinal junctions were again observed in this case, in support of
the salt-dependent ĕlament availability hypothesis. Due to entropy, all bundles should evolve towards a completely
mixed state, or a uniform yellow color in the long equilibration time limit. e fact that this is not observed, and that
‘aged’ bundles do not converge with those of Figure 1.9 are consistent with the low longitudinal ĕlament mobility
within the bundles from FRAP measurements 8.
8 In the limit that the green and red labels do not alter the interactions between ĕlaments, then a bundle’s internal color distribution does
not denote distinct structural arrangements.
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Figure 1.10 | Evolution of observable bundle junction density n2d at 50 mM and 100 mM Mg2+, with ĕtting
function n2d = n02dt/(t + tp). Right subplot shows the initial rapid growth with time.
Fitting ĕlament aggregation to Ęocculation dynamics. We quantitatively characterize how ĕlaments add
to bundles by monitoring the time evolution of bundle junction densities. e frequency of bundle junctions
(yellow domains) has a fast initial increase upon mixing, followed by a progressively slower evolution which we
focus on to access the long-time growth behavior of mature bundles (Figure 1.10). When the red and green bun-
dle–ĕlament–salt solutions are mixed, the available ĕlaments will undergo a “Ęocculation” process whose kinetics is
diﬀusion-limited because of their low density. Wemodel this process by using the Smoluchowski cluster size distri-
bution during Ęocculation [56]. e density of clusters with k-ĕlaments will have a form nk(t) = n0(t/tp)k−1(1+t/tp)k+1 ;where
n0 is the initial concentration of available ĕlaments and tp = (W )/(n0kBT ) (within a numerical prefactor), where
 is the viscosity (water) andW = exp(Ea/kBT ) with Ea as the activation barrier. e yellow actin patches
comprise all of the actin ĕlaments (not bundles) we had in the beginningminus the present actin density in the form
of single ĕlaments, doublets, triplets, and so on, whose density can be calculated as∑∞k=1 n0(t/tp)k−1(1+t/tp)k+1 = n0(1+t/tp) :e
ĕlament density consumed in junctions is then ∼ n0 ( tt+tp ). A recent computer simulation conĕrms that this is a
feasible description of bundle formation kinetics [46, 57].
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Kinetics unlikely to be the cause behind ĕnite bundle widths. e saturation behavior of this slowest mode
of bundle growth imposes strong quantitative constraints on the kinetics governing the system. Junctions were
measured by averaging at least 15 images (∼120 μm x 120 μm) per data point. While we do not have experimental
access to short times with confocal microscopy, the junction density data clearly shows asymptotic plateaus for
the limiting long time behavior, from which we estimate Ea using the ĕtted 2-D junction density (Figure 1.10).
Experimentally, essentially all the bundles lie in either the cover slip plane or the plane of the slide, therefore we
estimate the equilibrium 2-D junction density via the integral of the volume density over the vertical spanD (∼17
μm between slide and cover slip) through n3dD ≈ 2n02d. Furthermore, if all the F-actin is consumed by junction
formation, then n0 ≈ n3d , where  parameterizes the average number of ĕlaments consumed at each junction.
e measured saturation bundle width suggests ∼30 F-actin rods per bundle for perfect packing, and signiĕcantly
less if defects are present, as suggested by x-ray data [39]. With this limit on , we estimateEa to range from 2.3
- 3.1 kBT ( = 10) to 3.4 - 4.2 kBT ( = 30) at 5○ C. ese are relatively small values for the activation barrier of
ĕlament addition at the ĕnal stages of bundle growth, which in fact saturates much more slowly than initial lateral
growth. It is therefore unlikely that observed ĕnite bundle widths are signiĕcantly limited by kinetics.
1.4 Conclusions
We observed how F-actin bundles evolve and interact with one another in the presence of divalent counterions. An
approximate analysis of junction kinetics produced low estimates for the energy barrier against longitudinal growth
which persists for hours, long aer the far more rapid initial latitudinal growth phase during which bundles hit the
saturation width. is suggest that the equilibrium ĕnite bundle width is unlikely a result of slow kinetics.
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Chapter 2
Supramolecular organization of biopolymers with diﬀerent stiﬀness
We examine mixtures of DNA and ĕlamentous actin (F-actin) as a model system of like-charged rigid rods and Ęexible
chains. Confocal microscopy reveals the formation of elongated nematic F-actin domains reticulated via defect-free
vertices into a network embedded in amesh of randomDNA. Synchrotron x-ray scattering results indicate that the DNA
mesh squeezes the F-actin domains into a nematic state with an interactin spacing that decreases with increasing DNA
concentration as dactin ∝ −1/2DNA . Interestingly, the system changes from a counterion-controlled regime to a depletion-
controlled regime with added salt, with drastic consequences for the osmotic pressure induced phase behavior 1.
Traditional studies ofmixing polymers has focused on industrial polymer blends, but there has been rapidly growing
interest in the ordering and partitioning of biopolymers. For instance, understanding the molecular structure that
leads to the functional properties of spider dragline silk (Figure 2.1) creates strong prospects of producing artiĕcial
spider silk or silk-like high performance materials [59, 60]. Other than biologically-inspired materials, biopolymer
supramolecular ordering has important biomedical consequences. Accumulation of viscous mucus in pulmonary
airways causes long-term bacterial infections and eventually death in cystic ĕbrosis (CF) [61]. Highly-charged
anionic polyelectrolytes like F-actin [62] and DNA [63, 64] are released into the airway surface liquid when cells
like neutrophils lyse during the inĘammatory response. F-actin concentration in these airways go from 0.1mg/ml to
5mg/ml and comprises ∼ 10% of total leukocyte proteins [62]. Another related topic that hasmet very strong recent
interest is amyloid growth, during which normally soluble proteins convert into highly order ĕbrillar aggregates that
(together with toxic ĕbril precursors) are implicated in pathological conditions from neurodegenerative disorders
(e.g. Alzheimer’s and Parkinson’s disease) to systemic amyloidoses [65, 66], and can trigger inĘammation in type
II diabetes and atherosclerosis [67, 68]. Biophysical understanding of how charged biopolymers of varying lengths
interact with one another (and with membranes) can contribute to the rational design of therapeutic strategies. In
this chapter, I focus on our research on bio-polyelectrolyte mixtures of rigid rods and Ęexible chains.
1 is work has been published as [58] Lai, G. H. et al. Self-Organized Gels in DNA/F-Actin Mixtures without Crosslinkers: Networks of
Induced Nematic Domains with Tunable Density. Phys. Rev. Lett. 101, 218303 (2008). O. Zribi, T. Angelini and K. Purdy performed early
condensation experiments on DNA/F-actin mixtures. J. Butler, I. Smalyukh and G.H. Lai performed confocal, PMmicroscopy and SAXS
analysis of DNA/F-actin samples. I. Smalyukh and R. Golestanian guided the theory discussion. We acknowledge microscopy resources
at the Beckman Institute, UIUC and synchrotron resources at APS. is chapter is dedicated to J. Butler in his memory.
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Figure 2.1 | Nature’s high-performance ĕber: Proposed model for spider dragline silk showing ĕbrillar sub-
structure organization within a ĕber2. β-sheet domains containing alanine (red lines) are interleaved with pre-
dominantly 31-helical parts that do not contain alanine (blue curls). All chains tend to be parallel. e crystallites
are irregular and strongly depend on processing (e.g. how fast the silk is drawn). e helical and β-sheet regions
would have diﬀerent stiﬀnesses.
Interactions between Ęexible chains and rigid rods govern a broad range of systems, including liquid cystalline (LC)
polymers [69, 70], polymer-nanotube ĕbers [71], biological tissues [59, 72, 73], spider silk [60] (Figure 2.1), andmay
be relevant forDNAoligomer puriĕcation [74]. In 1978, Flory predicted the coexistence of isotropic and anisotropic
phases from the existence of dissimilar Ęexibility [75], which have been conĕrmed in polymeric mixtures with
diﬀerent persistence lengths [76–78]. For polymer mixtures with weak interactions, substantial thermodynamic
barriers may prevent a single phase systemwithmixing of components at themolecular level, owing to the tendency
for rigid polymers to form self-aligned phases that exclude the Ęexible component [75, 79].
However, polymer systems with a hierarchy of interactions can exhibit surprising behavior. For instance, together3
with spermidine3+, dilute (∼0.01mg/ml) mixtures of F-actin and DNA undergo microphase separation into ĕnite-
sized F-actin bundles sprinkled with ĕnite-sized DNA toroids [80, 81]. Complementary DNA oligomers have been
found to phase separate via nucleation of duplex-rich liquid crystalline domains from an isotropic background
rich in unpaired strands [74, 82]. Currently, it is not well understood how the existence of strong electrostatic
interactions modiĕes the basic Flory behavior of phase separation in composite systems, nor if any additional forms
of self-organization occur.
2 Reproduced with permission from [60] van Beek, J. D. et al. e molecular structure of spider dragline silk: folding and orientation of
the protein backbone. Proc. Natl. Acad. Sci. U.S.A. 99, 10266–71 (2002), Copyright ©2002 National Academy of Sciences, U.S.A.
3 Diﬀerent biopolymers are condensed by ions of diﬀerent minimum valences (+2 for F-actin, +3 for DNA).
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2.1. Summary: self-organized gels in DNA/F-actin mixtures without crosslinkers
20 μm
8 μm
a b
Figure 2.2 | Focus: self-organized gels in DNA/F-actin mixtures without any cross-linkers. Close-up confocal
images of (a) the green F-actin domains and (b) red DNA domains. F-actin at 5 mg/ml and 48 kbp (lambda) DNA
at 2.4 mg/ml. 1:100 of biopolymers were stained with Alexa Fluor 488 Phalloidin (for F-actin) and POPO-3 (for
DNA).
2.1 Summary: self-organized gels in DNA/F-actin mixtures without crosslinkers
DNA4 and F-actin5 are excellent targets for our model system of like-charged rigid rods and Ęexible chains, given
their similar charge densities and very diﬀerent persistence lengths. Here, we study the phase behavior in semidilute
mixtures (∼5mg/ml) of like-charged actin rods and DNA chains using confocal microscopy and synchrotron x-ray
diﬀraction. No crosslinkers, such as ABPs ormultivalent counterions, are introduced. Instead ofmacroscopic phase
separation, we ĕnd an entangled percolating network of elongated nematic F-actin domains threading through a
mesh of random DNA coils (Figure 2.2). Surprisingly, the more highly-charged DNA coils somehow compress the
F-actin rods and induce nematic order at concentrations well below the Onsager criterion [83]. By restructuring
perpendicular crossings into locally tangent crossings, these nematic domains are reticulated into a networkwithout
forming bulk defects, suggesting thatmixtures of biopolymerswith diﬀerent Ęexibilitiesmay lead to unexpectedme-
chanical properties. e inter-actin molecular spacing in these nematic domains exhibits a power-law dependence
on theDNA concentration dactin ∝ −1/2DNA , consistent with themechanical balance of counterion-dominated osmotic
pressure between phase-separated domains. With added salt, the system undergoes a transition from a “strongly-
charged” regime dominated by counterion-controlled osmotic pressure to a “weakly-charged” regime dominated
by conventional depletion eﬀects. e entire phenomenon is likely entropic in origin.
4 For DNA, diameterDDNA = 2 nm, charge density e−/0:17 nm, persistence length DNA = 50 nm. e persistence length  is the length
along the chain aer which the direction of the chain becomes uncorrelated. For segments of the chain shorter than , the molecule
behaves like a rigid rod.
5 For F-actin,Dactin = 7:5 nm, charge density e−/0:25 nm, actin = 10 μm.
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Figure 2.3 | Nematic F-actin ribbons surrounded by sea of isotropic DNA. (a) Fluorescence confocal micrograph
of phase-separated domains of F-actin (labeled green) andDNA (labeled red). (b-d)Colocalized same-area Ęuores-
cence showing DNA only, F-actin only and polarizing microscopy (PM) image of the birefringent F-actin domains,
respectively.
2.2 Experimental
DNA molecules of two diﬀerent contour lengths (48 kbp lambda DNA and 10 kbp calf thymus (CT) DNA) were
purchased (New England Biolabs), ethanol precipitated and resuspended in deionized water to speciĕc concentra-
tions. See Appendix A.3 (page 100) for full details.
Lyophilized rabbit skeletal muscle G-actin, molecular weight (MW) 43 kDa, was purchased (Cytoskeleton), sus-
pended in pH 8 buﬀer (5 mM Tris, 0.2 mM CaCl2, 0.5 mM ATP, 0.2 mM DTT, 0.01% (w/v) NaN3) and poly-
merized to F-actin in 100 mM KCl, and phalloidinated to prevent depolymerization. See Appendix A.1 (page 97)
for full details. F-actin is then resuspended in millipore water and used immediately. e average ĕlament length
`actin = 0.3-10 μm was varied using human plasma gelsolin (MW 87 kDa). DNA and F-actin solutions were mixed
at diﬀerent ratios with the global actin concentration kept constant at 5 mg/ml.
F-actin was labeled with Alexa Fluor 488 (or 568) phalloidin, and DNA was stained with POPO-3. Labeled and
unlabeled biopolymers were mixed at 1:100 proportion and the samples imaged with a Leica TCS SP2 confocal
microscope and a Nikon E200POL polarizing microscope (PM) under an oil-immersion objective (63 ×, n. a. 1.4).
Small angle x-ray scattering (SAXS) measurements were performed on sealed samples at Stanford Synchrotron
Radiation Laboratory (SSRL) Beamline 4-2 (10 keV incident beam, beam size 300 × 300 μm2, coupled to a MAR
Research CCD camera with pixel size 79 μm). SAXS data were analyzed using FIT2D (http://www.esrf.eu/
computing/scientific/FIT2D/).
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2.3. Results and Discussions
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Figure 2.4 | Director structures in a network of nematic F-actin domains. (a) Fluorescence image of a bent F-actin
domain (green) with colocalized polarizing microscopy image in (b). (c) Schematic of the bent domain; the dark
brushes show up in (b) where n^ is parallel or perpendicular to the crossed polarizers. (d,e) Schematics of diﬀerent
domain nodes: (d) formed without bulk defects in n^ and frequently observed; (e) containing defects and rarely
observed.
2.3 Results and Discussions
DNA/F-actin mixtures induce percolating morphology of nematic F-actin ribbons. A representative
confocal micrograph of a F-actin/DNAmixture ([DNA] = 1.14mg/ml) is shown in Figure 2.3a. F-actin is organized
into elongated domains (green, typical lengths 50-1000 μmandwidths 1-20 μm) embedded in amesh ofDNAchains
(red). Figures 2.3b-d and 2.4a-b show the same-area textures in Ęuorescence and PMmodes. eDNAĘuorescence
signal does not overlap with that from F-actin, indicating local phase separation. Vertical confocal cross sections
show that this phase separation is not aﬀected by conĕnement or the surface aﬃnity of either DNA or F-actin
with multiple F-actin domains spanning the same thickness (Figure 2.5a-c). Birefringent nematic domains of F-
actin form an interconnected network through a non-birefringent isotropic matrix of DNA. PM textures obtained
with crossed polarizers have extinction brushes within the region where the liquid cystalline (LC) director n^ (for
average local orientation of the F-actin rods) is parallel or perpendicular to the polarizers (Figure 2.4b). As the
sample is rotated, the dark brushes move, visualizing n^ (Figure 2.4c). Using the ĕrst-order interference colors in
PM textures obtained with a 530 nm phase retardation plate inserted between the crossed polarizers, we ĕnd that
n^ is parallel to the walls of the domains. Rods oriented parallel to the interface of F-actin and DNA domains have
conĕgurational entropy lowered by ∼ kBT ln(`actin/Dactin) compared to the perpendicular case [70], leading to a
free energy diﬀerence of 4-8 kBT per F-actin. Consistent with this, tangential surface anchoring is observed for the
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Figure 2.5 | Morphology of F-actin and DNA domains. (a-c) Vertical confocal cross sections showing the F-actin
domains (green) and surroundingDNA (red). In the colocalized images (a,b), single phase-separated domains span
across the sample. (c) shows the multidomain distribution. As DNA concentration increases from (d) 1 mg/ml to
(e) 7.5 mg/ml, the actin domains decrease in width.
entire DNA concentration range studied (0.5-7.5 mg/ml) and for diﬀerent biopolymer lengths.
Analysis of domain stiﬀness. e nematic F-actin domains percolate across the sample due to domain stiﬀ-
ness. ere are two complementary ways in which domain formation can enhance bending rigidity: (1) the in-
dividual ĕlaments in the larger domain resist bending collectively; (2) tilt restrictions are imparted on ĕlaments
of length `actin by the cages of width dactin surrounding them. e ĕrst mechanism gives the Frank elastic con-
stant, K3 ∼ kBTactin/d2actin, describing bend distortions of n^ [84]. e second mechanism depends on `actin
since the restrictions are geometric. e nematic free energy cost of a rod conĕned in its cage can be estimated
as K3[(dactin/`actin)/`actin]2(`actind2actin), which is to be balanced by kBT . One ĕnds that K3 ∼ kBT`3actin/d4actin,
which is consistent with the ĕrst mechanism if we replace `actin by the Odijk deĘection length (∼ 1/3actind 2/3actin). For
our experiments, the two formulas yield similar estimates of K3 = 10−11 N, as the size of actin is comparable to
its Odijk length. We estimated an eﬀective domain persistence length d = B/kBT ≈ K3h2d/2kBT , where B is the
bend modulus and hd is the lateral size of a domain. For hd = 1 μm, one ĕnds d = 120 μm. e domains are
signiĕcantly stiﬀer than individual F-actin rods, which facilitates their percolative spanning across the sample.
e nematic F-actin domains tend to self-organize into a 3D network “anchored” at conĕning surfaces (Figure 2.5).
In these 3D networks, the director n^ of domains forming a node smoothly transforms between the domains with-
out forming bulk defects. e angles between domains at the nodes are small, accomplished by domain bending
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a b
Figure 2.6 | Comparison between DNA/F-actin mixture and pure nematic F-actin. 2D SAXS data of (a) a repre-
sentative DNA/F-actin mixture (1.75 mg/ml DNA, 5 mg/ml F-actin) and (b) pure aqueous F-actin at 50 mg/ml.
(Figure 2.4d). When the surface boundary conditions for n^ at the domain walls are tangential, planar straight con-
nection ofN domains results in a defect line of strength s = (2−N)/2 that runs across the domain of thickness hd
(Figure 2.4e). Neglecting the diﬀerence in the values of Frank elastic constants [69], the free energy of a disclination
of strength s is ∼ s2Khd ln(hd/rcore) +  corehd, whereK is the average Frank elastic constant, rcore and  core are
the radius and line tension of the defect core. For typical parameters [69, 70], free energy associated with the de-
fects is ∼ (60-800) ×10−18 J, two orders of magnitude larger than the elastic free energy associated with the bending
of nematic domains. Not only is this consistent with the observed defect-free morphology of these networks, this
condition places strong constraints on how the elongated domains interact with each other. Non-parallel F-actin
domains that come together will have to nucleate an energetically costly disclination (Figure 2.4e), unless one or
both of them can undergo a bend distortion and bring n^ into local alignment at the node (Figure 2.4d). is is anal-
ogous to an entanglement, and potentially acts as a kinetic barrier against the crossing of actin domains. Although
the F-actin/DNA samples were essentially the same when re-measured a year later, it is possible that the observed
organization is in a kinetically frozen non-equilibrium state.
Nematic F-actin ribbons not predicted by Onsager criterion. e formation of nematic domains is not
expected for our solution conditions, as the constituting F-actin and DNA aqueous solutions are both isotropic
by themselves at the concentrations in question. e Onsager criterion for ordering of hard rods requires suﬃ-
cient anisotropy (L/D length-to-diameter ratio > 100)6 for a particular concentration: speciĕcally, the isotropic-
to-nematic (I-N) phase transition is predicted above a volume fraction  ≈ 4:5Deﬀ/, where Deﬀ is the eﬀective
6 For F-actin, /D > 1;000:
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rod diameter and  the rod persistence length. In terms of rod number density , we get  ≈ 4:5/(Deﬀ2/4).
Despite the relative simplicity of Onsager’s model, the predicted I-N transition is within an order-of-magnitude
(oen larger than) that observed experimentally [85]. For F-actin, the Onsager critical density is approximately
3:4 × 1023 rods/m3. In comparison, we observed nematic order in F-actin/DNA mixtures at a F-actin concentra-
tion of 5 mg/ml corresponding to actin ≈ 1:3 × 1021 rods/m3, two orders of magnitude below the predicted limit
for nematic order.
Electrostatic interactions can lead to an expanded eﬀective diameter of F-actin rods [83] as well as twisting tenden-
cies [86], which canmodify the threshold concentration for LC order. However, our experiments give no evidence of
anisotropy in aqueous solutions of F-actin rods of `actin = 300 nm at 5 mg/ml, consistent with previous studies [87].
Furthermore, as the concentration of DNA was increased from 1 to 7.5 mg/ml at a constant F-actin concentration
of 5 mg/ml, we did not see coarsening to larger domain sizes, as expected from an increase in the inter-domain de-
pletion attraction induced by the DNA concentration increase. Instead, a marked increase in the aspect ratio of the
domains was observed (Figure 2.5d-e), and “threadlike” nematic domains of F-actin were formed with increasing
DNA concentration.
Structural measurements of induced nematic F-actin domains with SAXS. We performed SAXS exper-
iments to elucidate the relation between DNA and the induced F-actin organization (Figure 2.7). e nematic
F-actin sub-phase in a representative F-actin/DNA mixture (1.75 mg/ml DNA, 5 mg/ml F-actin) has a smaller
nematic spacing than that for an aqueous actin formed at 50 mg/ml F-actin (∼10× higher concentration) (Fig-
ure 2.6d,e). Clearly, DNA compressed the F-actin into a dense nematic phase. To investigate this quantitatively,
we varied the DNA concentration between 0.67 mg/ml and 4 mg/ml at a ĕxed F-actin concentration of 5 mg/ml.
We ĕnd that the average inter-actin spacing dactin is controlled by the DNA concentration DNA via a power-law
dependence dactin ∝ −1/2DNA , which does not depend signiĕcantly on DNA length (Figure 2.7c). For example, the
slope in a log-log plot of dactin vs. relative concentration is −0.50 ± 0.06 for 48 kbp DNA and −0.50 ± 0.09 for 10 kbp
DNA. To explain this dependence, we consider themechanical and chemical equilibrium between themesh of DNA
chains and F-actin domains. At concentrations of 0.5-7.5 mg/ml, DNA molecules form an entangled solution of
semi-Ęexible chains with the mesh size DNA comparable to its persistence length DNA. On the scale of DNA, DNA
can be viewed as rod-like molecules; therefore, the mesh size DNA ∝ −1/2DNA shrinks with increasing concentration
within the semi-dilute regime [30, 88]. For highly charged polyelectrolytes with no added salt, the osmotic pressure
of an aqueous solution is dominated by the contribution from the uncondensed counterions [89]. e osmotic pres-
sure of free counterions in a solution of actin rods isactin ∝ kBT /`B d2actin, where dactin is the inter-actin distance
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Figure 2.7 | Induced nematic F-actin domains with tunable density. Circularly averaged SAXS data for (a) 48 kbp
DNA and (b) 10 kbp DNA showed similar trends. e inter-actin spacing decreased as the concentration of DNA
increased. (c) Log-log plot of the inter-actin spacing dactin versus the molar ratio of DNA basepairs (bp) to G-actin
monomers for 48 kbp DNA (solid line) and 10 kbp DNA (dashed line). Best linear ĕts provide slopes -0.502 ± 0.055
and -0.498 ± 0.087, respectively.
and `B is the Bjerrum length7. e Bjerrum length is the separation at which electrostatic interactions between
elementary charges are comparable in magnitude to the thermal energy scale, and is given by `B = e2/rkBT in
Gaussian units. For the mesh of DNA, the solution’s osmotic pressure is DNA ∝ kBT /`B 2DNA ∝ kBTDNA/`B .
To ĕnd the equilibrium density of the F-actin rods and the average spacing between them in this ’strongly-charged’
counterion controlled regime, we use the mechanical balance between the nematic actin domain and the surround-
ing DNA solution. From the pressure balance DNA = actin, one recovers the experimentally observed power-law
dependence dactin ∝ −1/2DNA . In agreement with experiments, this dependence holds for diﬀerent contour lengths of
DNA, as long as they are greater than DNA.
7 Note that only uncondensed counterions contribute to the osmotic pressure since condensed counterions do not carry signiĕcant trans-
lational entropy. In the theory of counterion condensation, the uncondensed counterions are determined by the eﬀective charge density
1/`B .
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Figure 2.8 | Monovalent salt restructures DNA/F-actin ribbon morphology. Representative 2-color confocal
images of F-actin/DNA mixtures with (a) no salt, (b) 5 mM KCl and (c) 50 mM KCl. DNA domains are red and
actin domains are green. Scalebar is 50 μm. See Figure 2.9 for separate visualization of DNA and F-actin for (a) 5
mM KCl case.
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Tuning counterion-controlled regime to depletion-controlled regime withmonovalent salt. Asmono-
valent salt was added to the system, the behavior should approach that for a system of polymers with depletion
interactions [90] (Figure 2.8). e osmotic pressure of a one-component polyelectrolyte solution changed from a
counterion-dominated regime with no added salt to a signiĕcantly weaker polymer depletion regime with low con-
centrations of added monovalent salt (< 10 mM) [89]. With increasing monovalent salt, the nematic correlation
peaks were progressively suppressed, with reduced amplitudes and increased peak widths, indicating that the aver-
age domain sizes have sharply decreased (Figure 2.9). All nematic correlation peaks eventually disappeared as salt
is added. Moreover, with added salt, the actin inter-axial spacing dactin exhibited a diﬀerent functional form with a
muchweaker dependence on [DNA]/[G-actin], whichwe approximatewith a power lawwith exponent−0:20±0:05
(Figure 2.9d). Confocal microscopy of a DNA/F-actin mixture at 5 mM KCl showed that DNA inĕltrated into the
elongated F-actin domains (see Figures 2.8 & 2.9a,b), thereby re-organizing them into ‘comb-like’ structures with
smaller F-actin sub-domains surrounded by DNA, suggestive of conventional depletion. e twomechanisms with
diﬀerent functional forms, which are both entropic in origin, stabilize actin domains of diﬀerent sizes. ese re-
sults show that a strongly charged rod-coil polymer system behaves diﬀerently from other rod-coil systems with
conventional depletion, and can be exquisitely responsive to salt conditions.
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Figure 2.9 | Confocal image of DNA/F-actin mixture at 5 mM KCl ([DNA]/[G-actin]=13) from Figure 2.8b,
with red (DNA) and green (F-actin) channels in separate (a) and (b) panels, respectively, for easier visualization.
DNA inĕltrates into the elongated F-actin domains and breaks them up into smaller F-actin domains surrounded by
DNA. Scalebar is 50 μm. (c) Phase diagram of F-actin/DNAmixture with KCl. e shaded region indicates induced
nematic order. (d) SAXS data for F-actin/DNA mixture (5 mg/ml F-actin & 2.5 mg/ml DNA) show suppression
of nematic order with increasing [KCl]. Inset: log-log plot of dactin at 10 mM KCl with a slope of -0.201 ± 0.051,
which is distinct from the no-salt behavior.
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Chapter 3
Lipids and lipidic phases: a primer
Lipid structure and membrane composition. Biological membranes are really fascinating self-assemblies
of biomolecules: a two-layered sheet roughly 5 nm thick composed of small lipid molecules held together by non-
covalent interactions, deĕnes the living cell and discriminates between ‘inside’ and ‘outside’, as well as life and death.
Intracellular compartmentalization supports the complexity in eukaryotic cells and allows highly specialized func-
tions in strictly controlled environments without adversely aﬀecting the entire cell (e.g. lysosomes, chloroplasts,
mitochondria).
A lipid molecule possess a polar region (hydrophilic head-group) and hydrocarbon chains (hydrophobic tails).
When solvated, this amphiphilic nature allows lipids to spontaneously arrange into bilayer and other lyotropic phase
structures, so that the hydrophobic tails (which prefer non-polar solvents like oil) are tucked away and only the hy-
drophilic head-groups (which love high dielectric polar solvents like water) are exposed. is self-assembly enabled
the ĕrst cells to segregate their internal constituents from the external environment. e hydrophobic tail generally
comprises one or two fatty acid chains1, whereas the headgroup vary depending on charge and physiologic function.
Phospholipids with a predominant structural role include glycerol-based moieties that are neutral, such as phos-
phatidyl choline (PC) and phosphatidyl ethanolamine (PE), or charged, like phosphatidyl serine (PS), as well as
ceramide-based sphingomyelin (SM) and nonpolar sterols like cholesterol (see Figure 3.1). Lipids with a signaling
role include phosphatidyl inositol (PI), phosphatidic acid (PA), phosphatidyl glycerol (PG) and cardiolipin (CL), as
well as PS. PA, PS and CL lipids are involved in programmed cell death in mammals2.
Eukaryotic plasma membranes are rich in PC (> 50 w%) and cholesterol (∼20 w%), with approximately 10-13 w%
charged lipids (mainly PS). See Table 5.1 (page 66). In contrast, bacterial membranes have mainly PE with PG and
CL as theirmain anionic lipids (see Table 5.2 (page 67)). Complete complete reviews are available for eukaryotic [91]
and bacterial [92] membranes, as well as for lipidic phases [93, 94].
1 Except cardiolipin which has four acyl chains.
2 Discussed in greater detail in Chapter 5.2 (page 62).
28
field of lipidomics and oxidative lipidomics based on the
applications of mass-spectrometry and imaging mass-spec-
trometry as it relates to studies of phospholipids in traumatic
brain injury (TBI).
Diversity of brain lipids
Lipids are fundamental to CNS tissue architecture and
function. This is evident on a gross level based on lipid
content and tissue dry weight, where CNS tissue has the
highest lipid content next to adipose tissue (Han 2007) and is
further supported by the fact that brain lipids constitute more
than half of the dry weight in human brain (Piomelli et al.
2007). Brain lipid composition and metabolism change during
development and these qualities can vary with anatomical
region (Rouser et al. 1971). CNS tissue contains a diverse
variety of complex lipids including neutral lipids (such as
cholesterol and acylglycerols), glycolipids (such as galacto-
sylceramide and gangliosides) and phospholipids (such as
phosphatidylcholine, phosphatidylethanolamine, phosphati-
dylserine, sphingolipids, etc). Due to the fact that phospho-
lipids are the major building blocks of plasma and intracellular
membranes, they account for approximately 25% of the dry
weight of the adult rat brain (Yusuf 1992). Phospholipids are
precursors of important signaling molecules such as neuro-
protectins and resolvins, which are formed by multistage
oxygenation of docosahexaenoic acid and eicosapentaenoic
acid (Marcheselli et al. 2003). In addition to their role in
membrane architecture and signaling, phospholipids also play
a critical role in sub-cellular organelle function.
Phospholipids consist of a glycerol backbone, fatty acid
chains, and a phosphoester-connected headgroup (Fig. 1).
Because of the hydrophobic nature of their fatty acid chains,
most phospholipids are found in various cellular and sub-
cellular membranes with their hydrophilic headgroups
exposed to the aqueous environment. Different headgroups
define each phospholipid class and their properties (http://
www.lipidmaps.org/). Different classes of phospholipids will
have various combinations of fatty acid chains that can be
esterified to the sn-1 and sn-2 positions on the glycerol
backbone. Fatty acids can be released by phospholipase A
from phospholipids and have important roles in cell signaling
and metabolism as shown in Fig. 2. There are several fatty
acid residues that are more common than others in brain
phospholipids (Table 1) (Fahy et al. 2005, 2009). Just among
the eight most common fatty acid chains in brain, this gives
82 = 64 possible molecular species for each class. Cardio-
lipin (CL), a mitochondria specific phospholipid, on the other
hand, has four fatty acid chains which allows for the
formation of a diverse number of possible molecular species,
usually in excess of one hundred (Bayir et al. 2007; Cheng et
al. 2008; Tyurin et al. 2008b).
Phospholipids contain a mixture of polyunsaturated,
monounsaturated and saturated fatty acid chains. Usually,
(a)
(b)
(c)
Fig. 1 Glycerophospholipid structure. (a) Fatty acyl chains in the sn-1
(R1) and sn-2 (R2) positions attach directly to the glycerol backbone,
whereas the head group (X) attaches through the phosphate group.
Although fatty acyl linkages are shown, both ether and plasmalogen
(vinyl ether) bonds can occur in the sn-1 position. (b) Several common
glycerophospholipid headgroups. (c) Cardiolipin (CL) structure. Four
fatty acyl chains (sn-1, sn-2, sn-1¢, sn-2¢) can provide much molecular
diversity.
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Fig. 2 Fatty acids can be released by phospholipase A from phos-
pholipids and have important roles in cell signaling and metabolism.
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Figure 3.1 | Glycero-phospholipid structure3. (a) Fatty acyl chains att h directly to the glycerol backbone, whereas
the headgroup (X) attaches through the phosphate group. (b) Several common glycero-phospholipid headgroups.
(c) cardiolipin (CL) structur . Four fatty acyl chains can providemuchmolecular diversity. Cardiolipin is discussed
in greater detail in chapter 5 (page 60).
3 Reprinted with permission from [95] Sparvero, L. J. et al.Mass-spectrometry based oxidative lipidomics and lipid imaging: applications in
traumatic brain injury. J Neurochem 115, 1322–36 (2010), Copyright ©2010eAuthors. Journal of Neurochemistry ©2010 International
Society for Neurochemistry
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Figure 3. Convention adopted for positive and negative (inverse) mean curvature of a lipid
monolayer, shown on the left and right, respectively.
Figure 4. The three minimal surfaces, D, P, and G (gyroid), which sit at the bilayer mid-plane and
underlie the bicontinuous cubic phases Pn3m, Im3m, and Ia3d.
by cone-shaped amphiphiles (designated as type I), and negative mean curvature by wedge-
shaped amphiphiles (type II).
Saddle surfaces where the principal curvatures are equal in magnitude (and opposite in
sign) have zero mean curvature at all points, and are known as minimal surfaces. Such surfaces
can be extended to fill space periodically, forming infinite periodic minimal surfaces (IPMS).
These porous surfaces have constant (zero) mean curvature at all points, but continuously
varying Gaussian curvature, which is everywhere non-positive, varying between a most
negative value at saddle points and zero at flat points. Such mathematical surfaces were
hypothesized by Scriven in 1976 [36, 37] to describe the underlying physical interfaces
observed in certain ternary microemulsion mixtures of oil, surfactant and water. This concept
has subsequently been shown to be relevant to the geometric description of many self-
assembled phases of amphiphilic molecules, such as the bicontinuous cubic phases, as well as
other self-assembled soft matter such as block copolymers [38]. For the inverse cubic phases
Im3m, Pn3m and Ia3d , the bilayer mid-plane has been shown to sit on the P, D, and G (gyroid)
minimal surfaces respectively (figure 4), leading to the alternative naming as QPII, QDII , and QGII ,
respectively, for these three cubic phases. These three minimal surfaces can be interconverted
by a ‘Bonnet’ transformation [39], a mathematical procedure that performs a one-to-one
mapping between equivalent surface patches on the three surfaces, thereby preserving the
same distribution of Gaussian curvature (and zero mean curvature) at all points. Although
the three minimal surfaces have the same area per unit cell, they fill space to different degrees
of compactness (see section 2.5).
Figure 3.2 | Convention for positive (le) and negative (right) curvature of a lipid monolayer, induced by non-
lamellar cone-shaped and inverted cone-shaped lipids, respectively 4.
Membrane curvatures and the Helfrich equation. Each point on the membrane surface can be uniquely
characterized by two principal curvatures c1 and c2, which are the maximum and minimum curvatures among all
the normal curvatures going through that point, and are perpendicular to each other. us, the surface topology can
be similarly characterized with two parameters, the mean curvature H = (c1 + c2)/2 and the Gaussian curvature
K = c1 ⋅ c2. e free energy per unit area associated with membrane bending is then given by
f = 
2
(c1 + c2 − 2c0)2 + c1c2; (3.1)
where the mean curvature which minimizes the free energy is called the monolayer spontaneous (intrinsic) curva-
ture (c0). e bending modulus  and the Gaussian bending modulus  represent measures of the energetic cost of
bending and saddle-like deformations, respectively.
Lipid shape aﬀects membrane spontaneous curvature. Positive curvature corresponds to the monolayer
bending away from the water region and towards the region of lipid tails, whereas bending in the opposite direction
results in negative curvature (Figu e 3.2). Wedge-shaped lipids (e.g. lysophosphatidic a id (LPA) and lysophos-
phatidyl choline (LPC)) with bulky headgroups and small tails tend to bend towards the hydrophobic side (positive
curvature, c0 > 0), whereas cone-shaped lipids (e.g. dioleoylphosphatidyl ethanolamine (DOPE)) with small head-
groups and b lky tail-groups t nd to bend towards the ydrophilic side (negative curvature, c0 < 0). Cylindrically-
shaped lipids have zero spontaneous curvature and form Ęat bilayers (Figure 3.3). In contrast, pure DOPE sponta-
neously self-assembles an inverted hexagonal (HII) phase that is rich in negative mean curvature upon hydration.
4 Reprinted with permission from [94] Shearman, G. C. et al. Inverse lyotropic phases of lipids and membrane curvature. J Phys Condens
Matter 18, S1105–24 (2006), Copyright ©2006 IOP Publishing Ltd.
5 Reprinted with permission from [94] Shearman, G. C. et al. Inverse lyotropic phases of lipids and membrane curvature. J Phys Condens
Matter 18, S1105–24 (2006), Copyright ©2006 IOP Publishing Ltd.
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Inverse lyotropic phases of lipids and membrane curvature S1109
Figure 5. The ‘shape’ of amphiphiles as determined by their packing parameter S, where the cone
(left) has S < 1, S = 1 for the cylindrical shape (centre) and the inverted cone-shape (right) is
preferred by lipids with S > 1.
1.2. Lipid packing parameters and phase preferences
The lipids that can form these curved inverse phases tend to have certain structural similarities.
Israelachvili et al [40] suggested that the lipids can be usefully categorized by their ‘shape’ or
‘packing parameter’, S, which subsumes the basic geometric parameters, given by:
S = ν
a0lC
(2)
where a0 is the optimum surface area of the headgroup, lC is the maximum length of the
chains, and ν is the molecular volume of the chains. Israelachvili and co-workers showed
that, in a qualitative sense, the shape of the aggregates formed by any lipid in contact
with water was related to its packing parameter (figure 5). A typical example would be
lysophosphatidylcholine, which is a single-chained lipid, where 1/3 < S < 1/2 [41]. A
lipid with this packing parameter would tend to be cone-or wedge-shaped, and it will tend to
form positively curved micellar aggregates. Lyotropic mesophases adopted by such aggregates
are known as type I, or ‘normal’, phases. In this paper we have focused on ‘inverse’, or type
II, lipid phases, which are formed by lipids with S > 1, and which are hence inverted cone-
shaped. Such lipids are typically characterized by having a small headgroup cross-sectional
area relative to that of the chain region (e.g. double-chained species that cause the tail-region
to splay out relative to the headgroup region).
1.3. Lipid membrane energetics
Although the model detailed by Israelachvili and co-workers illustrates very simply why the
flat bilayer membrane may not always be the aggregate shape of choice, it fails to predict the
appearance of the inverse bicontinuous phases, which are prevalent in the phase behaviour
(when measured in isolation) of many phospholipids and glycolipids found in cell membranes.
Because of this, more rigorous approaches have been developed, which consider the total free
energy of the system, consisting of assemblies of lipid and water molecules. Gruner et al [42]
assumed that the free energy would be dominated by four factors: the membrane curvature
elasticity, gC; the packing of the hydrocarbon chains, gP; the hydration force; and lastly the
electrostatic contributions. This model was refined later to include any other interactions,
which were grouped together with the hydration and electrostatic forces into a single free-
Figure 3.3 | Headgroup vs tailgroup d termines lipid shape5. “Bilayer-loving” lamellar lipids are cylindrical in
shape (middle). Using a traﬃc cone for comparison, non-lamellar lipids are either wedge-shaped (inverted cone)
(le) with bulky head-groups, or cone-shap d (right) wi h small head-groups compared to their tails.
Biological importance of membrane curvatures. ere are two kinds of broadly-enabling membrane curva-
tures prominent in the myriadmembrane re odeling events in living cells (Figure 3.4). Negative mean curvature is
a characteristic of tubule formation (with c1 ∼ 0 a d c2 < 0), wh reas th base of blebs where tubules grew from, the
neck of buds, and the rim around me bran pores are rich in negative Gaussian curvature (c1 > 0 and c2 < 0) [96].
e endoplasmic reticulum (ER) is an exc llen example with its peri ral network of tubules (negative mean cur-
vature) andmembrane sheets ( egative Gau sian curvature at the j nctions to the tubules) surrounding the nuclear
envelope [97]. Disparate fusion/ĕssion events involving diﬀerent proteins and membranes, from synaptic vesicle
fusion, protein traﬃcking, ER homeostasis to mitochondrial remodeling, are thought to share similar mechanistic
motifs and transient intermediate structures. e outer leaĘets of adjacent membranes can fuse together while the
inner leaĘets remain intact in the process of hemifusion, or both inner and outer leaĘets of apposed membranes
can merge together during complete fusion. A fusion pore is a connection between merging membranes involving
both outer and inner leaĘets.
It has been long recognized that non-lamellar lipids with spontaneous negative curvature, such as DOPE, can im-
pose a curvature stress onto themembrane to facilitate remodeling processes such as budding, ĕssion and fusion [91,
98]. According to the widely accepted stalk-pore fusion model [99–101], shiing the spontaneous curvature of the
monolayers to more negative values by adding HII-phase-supporting lipids or tuning existing lipids (e.g. CL with
divalent ions) would promote stalk formation. Conversely, changing the eﬀective c0 to more positive values by
adding wedge-shaped micelle-forming lipids, such as LPC, should retard or even prevent stalk formation. e
Gaussian curvature elastic energy contribution is usually assumed to be insigniĕcant and neglected in Helfrich en-
ergy considerations, but recent studies have shown that the contributions fromGaussian curvature can signiĕcantly
inĘuence the energetics of membrane fusion intermediates [94, 102] erefore, during the course of experimental
design to understand the eﬀects of CPPs and AMPs (almost all of which are cationic) on model lipid membranes,
it is imperative that we are able to tune the eﬀective spontaneous curvature of our membranes independently of
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membrane charge. e same principles discussed in this entire lipid primer holds true when we investigate how the
Bcl2 family of cell death proteins punch holes in the mitochondria during apoptosis, which will be studied in detail
much later on in chapter 5 (page 60).
without any obvious restrictions or preferences in all kingdoms of life, both
under physiological or pathological conditions (Table 6.1). They appear not
to be limited to certain types of cells, although they may occur more
frequently in some cell types. Furthermore, cubic membranes are not
strictly associated with any particular organelle and can apparently evolve
from almost any cytomembrane: plasma membrane, endoplasmic reticulum
(ER), nuclear envelope (NE, both inner (INE) and outer (ONE)), inner
mitochondrial membrane, and the Golgi complex. The smooth ER, how-
ever, seems to be the organelle most frequently associated with cubic
membrane formation. So far, three surface families have been identified to
exist, and these three types of cubic membranes are schematically shown in
Fig. 6.2. They are designated according to their corresponding triply peri-
odic minimal (or level) surfaces as gyroid (G), double diamond (D), and
primitive (P) surfaces.
Cubic membranes often coexist with other ‘‘unusual’’ membrane
arrangements, such as TRS, which are irregularly arranged tubes that
bifurcate and reanastomose. In many cases, these tubes show a preferential
Figure 6.4 Cell membrane organization. Schematic diagram depicting the likely 3D
structure of annulated lamellae, tubulo-reticular structure (TRS) and the membrane
folding transition. The pores of annulated lamellae may alternate in arrangement
with the symmetry often being quadratic (A) or the pore face each other with the
symmetry being hexagonal (B). Two examples of TRS membrane arrangements;
(C) interconnected sacular (cisternae) and (D) tubular membrane organization show
no global symmetry. A possible model of continuous membrane folding for the forma-
tion of double diamond (lower left) and gyroid (upper left) cubic type, hexagonal
(upper right) and lamellar structures, and whorls (lower right) (E). The coexistence
of these membrane organizations has been reported frequently in UT-1 and COS-7/
CV-1 cells with HMG-CoA reductase and cytochrome b(5) overexpression, respec-
tively. Panels A-D adapted from Figs. 17 and 18; Bouligand, 1991.
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Figure 3.4 | Diﬀerent for s of cell membrane organization involves both negative mean curvature and negative
Gaussian curvature6. Schematic depicting the likely 3D structures of (A-B) annulated lamellae, (C-D) TRS, and
(E) the membrane folding transition between diﬀerent coexisting membrane organizations.
(E)A possible model of continuousmembrane folding from the double diamond Pn3m (lower le) and gyroid Ia3d
(upper le), to inverted hexagonal HII (upper right), to ĕnally lamellar Lα structures and whorls (lower right). e
tubules have negative mean curvature whereas the porous cubic structures have strong negative Gaussian (saddle-
splay) curvature.
6 Reproduced from [103] Almsherqi, Z. A. et al. Chapter 6: cubic membranes the missing dimension of cell membrane organization. Int.
Rev. Cell Mol. Biol. 274, 275–342 (2009), Copyright ©2009 Elsevier.
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Fig 1 Representations of several lipid water mesophases In l ~  
each phase, the hydrocarbon chain region is separated from 
water by an interface formed by the polar headgroups of the 
lipids. (a) Spherical micelles. The hydrocarbon chain interior of 
the spherical structure is isolated from water by a spherical 
shell formed from the lipid headgroups. (b) Hexagonal H I 
phase. This phase consists of long cylindrical micelles arranged 
on a hexagonal lattice, separated by water. (c) Lamellar (L) 
phase. The lipid is arranged into extended bilayer sheets com- 
posed of two apposed monolayer leaflets. The bilayers are b 
stacked on a one dimensional lattice and separated from one 
another by layers of water. (d) Inverse hexagonal (HIt) phase. 
Here, long cylindrical cores of water are arranged on a hex- 
agonal lattice. The polar headgroups coat the exterior of these 
cores with the hydrocarbon chains filling the interstitial spaces 
between the cores. 
Several reviews discuss non-b i l ayer  lipid phase 
behavior  [1,4, I 1,13--17]. While  a good qual i tat ive 
unders tand ing  of  the phase t rans i t ion  to non -  
lamellar  phases exists, m a n y  gaps remain  to be fill- 
ed before a complete quant i ta t ive  descript ion can 
be given. This  article is a summary  of the phase 
behavior  of  lipid systems, a imed at ident ifying 
quest ions and  problems which need to be address- 
ed to ob ta in  a quant i ta t ive  unde r s t and ing  of the 
physical propert ies of  lipid layers. We will also 
point  out  new techniques which appear  to be par- 
t icularly promis ing  to achieve this goal. 
Fig. 2. Bicontinuous cubic phases of lipids. In these phases, two 
interpenetrating but unconnected water regions are separated 
by a single continuous lipid bilayer. Connectivity of the water 
labyrinths is indicated by different shading. The surface 
describing the middle of this bilayer is an infinitely periodic 
minimal surface (IPMS), with the property of zero mean cur- 
vature at all points on the surface. The two surfaces described 
by the positions of the headgroups have non-zero mean cur- 
vature. (a) Plumber's nightmare phase of space group lm-~m, 
based on Schwarz's P minimal surface. The networks are con- 
structed by joining bilayer units 6 by 6 along orthogonal axes. 
(b) Double diamond phase of space group Pn'Jm, based on 
Schwarz's D surface. Here the bilayer units are joined 
tetrahedrally to form the water labyrinths. A third commonly 
observed cubic phase, the gyroid (la~Jd), is not shown. 
Curvature description of lipid phases 
Lipid-water dispersions self-organize into 
geometrical forms in which the polar  headgroups  
H = 0H > 0 H < 0
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transition temperature (see subsection V-B) and by the 
fact that addinon of small amounts of alkane relieves 
the hydrocarbon chain packing stress and facihtates the 
L a - H I I  t r a n s i t i o n  [92-94]. 
The normal hexagonal H~ phase of l ip id/water  sys- 
tems was first found by McBaln [95] in hydrated dode- 
cylsulfomc acid (23-70% in water), and its structure 
elucidated by Luzzatt and co-workers [96]. The H I 
phase had in fact first been recogmzed by Bernal [97] in 
a study of the structure of aqueous solutions of tobacco 
mosaic virus (TMV) This normal type of hexagonal 
phase is very widespread m biological systems, being 
found in solutions of DNA, polypeptldes and poly- 
saccharIdes [98], and in muscle, and possibly in collagen 
[99]. In fact any blopolymer which adopts a rod-like 
shape (for example an a-helix) will be expected to form 
a hexagonal phase under certain conditions, since this is 
the natural packing for circular cylinders. Although the 
H I phase is not normally observed for diacyl phospho- 
llplds, it is fo med by lyso-hplds for example, egg 
lysoPC forms the H I phase at 37°C over the ange 
22-52 wt% water [100], and similar results are found for 
chemically homogeneous lysoPCs [101] It is possible 
that H l phases will also be found in the future for 
short-ch in diacyl PCs: a 35 mM solution of l- 
heptanoyl PC in water (D20) forms (polydlsperse) rod- 
like rmcelles of mean length 257 ~, [102], which suggests 
that an H I phase might occur at lower water contents 
The H .  phase of phosphohplds was discovered, and 
its structure deduced, by Luzzatl and co-workers 
[103,104], in a hpld extract from human brain con- 
taming 52% PE, 35% PC, and 13% PI, at 37°C and at 
water contents below 22 wt% Independently, Ekwall 
and co-workers identified the same structure in the 
ternary surfactant system sodium capry la te /decano l /  
water [105] 
The question naturally arises as to whether it is 
possible to deterrmne unambiguously the topology of 
the xagonal phases (1 e ,  whether type I or type II) 
directly from the X-ray diffraction patterns A problem 
arises here due to Babinet's principle complementary 
structures (e g ,  in the optical analogy, an opaque screen 
with a lattice of les, vis-a-vis a clear screen with the 
same lattice, but of opaque spots) give ris  to ldenncal 
diffraction pat er s at all (observable) angles For  
hypothetical hexagonal phase consisting of a lipid of 
uniform electron density in water, at a volume fraction 
(~w/(q)w + qh)) of 0.5 (i e., equal volumes of water and 
lipid), the topology would be tmposstble to determme from 
any single dtffractlon experiment In reahty, of course, 
these conditions are not fr quently encountered None- 
theless, determining the topology is not necessarily a 
trivial problem. The approaches used in practice are 
described in subsection III B. 
In terms of the hypothetical binary phase diagram 
shown in Fig 7, the natural location for the H x nd H n 
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Figure 3.5 | Diﬀerent lipidic phase , arrang d by me n curvatureH and Gaussian curvatureK7.
Polymorphism of hydrat d lipid sys ms.  p lym rphism of lipid-w ter system has fascinated scientists
for decades and many phases have been identiĕed and g ometrically chara terized. ere are several diﬀerent cri-
teria to organize lipid phases. Lipid phases can be normal or inv rse. For normal (type I) phases, the structural
elements are ĕlled by the hyd oph bic tails and are embedded in a polar matrix, with the eadgroups facing water
(i.e. oil-in-water), whereas the r verse (i. . at r-in-oil) are called inverse (type II) phases. Lipid phases can again
be sorted into two main classes: ‘bicontinuous’ or discontinuous (‘micellar’). Bicontinuous phases of type II can
be described in terms of a highly convoluted lipid bilayer that subdivides 3D space into two disjointed polar/water
labyrinths separated by a hydrophobic septum. Micellar phases (type I, II) consists of disjointed aggregates of a
small number of lipid molecules (< 100) embedded in a matrix of the opposite polarity.
For our purposes, a curvature-centric classiĕcation ismore useful. Pure phases of lipids organized by the sign of their
7 Schematic adapted with permission from
(1) [104] Seddon, J. M. Structure of the inverted hexagonal (HII) phase, and non-lamellar phase transitions of lipids. Biochim. Biophys.
Acta 1031, 1–69 (1990), Copyright ©1990 Elsevier.
(2) [105] Tate, M. W. et al. Nonbilayer phases of membrane lipids. Chem. Phys. Lipids 57, 147–64 (1991), Copyright ©1991 Elsevier.
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mean curvatureH and Gaussian curvatureK are shown in Figure 3.5. Notice that both lamellar and the strongly
non-lamellar cubic phases share zeromean curvatureH whenmembrane deformation energies are obviously much
higher for the cubics. erefore, the Gaussian curvatureK is a more fundamental property to qualitatively describe
the deformation of a membrane sheet. Elliptic surfaces have positiveK (e.g. micelles). Parabolic surfaces have at
least one zero principal curvature so thatK goes to zero too (e.g. lamellar and hexagonal phases). e third class
are hyperbolic surfaces (“saddle-like”), where the principal curvatures c1 and c2 have opposite signs (Figure 3.7A).
When the principal curvatures are equal in magnitude but opposite in sign at every point, the surface has zeromean
curvature but negative Gaussian curvature. GlsQ2 are good examples of the third case.
To be biologically relevant, the lipid phase has to be stable in the presence of excess water, just like real biological
membranes. erefore, only the lamellar (Lα), inverted hexagonal (HII) and the three inverse bicontinous cubic
(QII) phases will be considered during characterization.
Biological signiĕcance of inverse bicontinous cubic (QII) phases. Inverse bicontinous cubic (QII) phases
have known biotechnological applications. ey are employed as media for the crystallization of membrane pro-
teins (the in meso method is reviewed in [106]). Bulk cubic phase or dispersions of particles of cubic phase have
been utilized for the controlled release of drugs or food bioactives [107–109]. Some chemical reactions may beneĕt
from the large interfacial area or high interfacial curvature of QII phases [110]. Bicontinuous phases are also pro-
posed as an intermediate during fat digestion [111] andmembrane fusion. By altering the curvature moduli of lipid
monolayers at the fusion site, fusion proteins can lower the energy of membrane fusion intermediates [98, 112].
ese triply-periodic minimal surfaces of cubic symmetry attract a great amount of attention because their unique
3D periodicity readily diﬀracts x-rays at small angles and lend themselves well to high-ĕdelity characterizations via
SAXS as well as electron microscopy (EM) tomography (Figure 3.6A-B). In fact, several biomolecular assemblies in
vivo (so-called cubicmembranes) that geometrically resembleQII phases have been identiĕed fromprotozoan to hu-
man cells (well-reviewed in [103, 113, 114]). Numerous studies have reported mitochondria with inner membrane
conĕgurations that resemble cubic membrane morphologies. For example, the mitochondrial inner membranes of
the free-living giant amoeba, C. carolinense, are particularly amenable to dramatic yet reversible 3D reorganization
fromwild-type tubular morphology to cubic morphology (accompanied by changes in response to oxidation stress)
under starvation conditions [115] (Figure 3.6C-D). Besides cellular stress, cubic membrane-like morphologies are
oen associated with virus infections. Virus-induced membrane transitions (also called cytomembrane inclusions
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or “tubulocrystalline inclusions”) have been found in cells infected with viruses, such as SARS [116, 117]8 (Fig-
ure 3.6E). Cubic membranes (including those labeled as TRS) have also been reported in autoimmune diseases
(reviewed in [103]).
However, caution should be exercisedwhen comparing cubicmembranes in living cells to bicontinuous cubic phases
in lipid-water systems. is is because QII phases in lipid-water systems exhibit unit cell parameters below 20
nm, whereas the lattice size measured in these cellular cubic morphologies can range from 50 nm (prolamellar
bodies) to 500 nm (chloroplastmembranes of green algaeZygnema) (Figure 3.6F).ehighly-regulatedmulti-phase
equilibration in living cells, in contrast to spontaneous in vitro assembly, may perhaps explain the huge diﬀerence
in lattice scale.
8 Of personal relevance, as I was in Singapore when the deadly SARS outbreak happened.
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biological membranes is mainly described by rotations. Several sets of
membrane arrangements exhibit symmetry such as parallel membranes
and hexagonal packing of tubes. In contrast, a cubic membrane exhibits
distinct morphological patterns when projected which may even be trans-
lated into unique signatures in many directions (Fig. 6.3). The patterned
membrane organization of cubic membranes consists of a network arranged
in a nonrandom order and is evenly spaced. Therefore, through an overall
inspection of TEM micrographs, cubic membranes are recognized via
perceptual cues of the patterned membrane organization (Almsherqi et al.,
2006; Landh, 1996). This unique appearance of cubic membranes in TEM
micrographs frequently allows for the differentiation of cubic membrane
organization from other membrane arrangements such as tubulo-reticular
structures (TRS) and annulate lamellae (AL) (Figs. 6.4 and 6.5).
Cubic membranes represent highly curved, 3D periodic structures that
correspond to mathematically well-defined triply periodic minimal surfaces
or the corresponding periodic nodal surfaces and their respective constant
mean curvature or level surfaces (Fig. 6.2). Both the latter surface descrip-
tions are approximative descriptions of surfaces parallel to the minimal or
nonzero level surface (Landh, 1996). Cubic membranes have been detected
Figure 6.3 Computer simulation of TEM images. (A) Schematic illustration of TEM
data in 2D projections of a specimen with a finite thickness. A 3D object (a) is depicted
and is translucent to the projection rays of an electron beam; (b) representation of one
unit cell of the gyroid surface; (c) projection plane onto which the rays impinge, in
analogy of the film on which the image would be recorded; (d) 2D projection map
provides a corresponding template for matching the patterned membrane domain in the
TEM micrograph. (B) Comparison between a 3D cubic membrane model of a gyroid-
based surface and its computer simulated projections at different viewing directions.
Multiple 2D projections that are generated from the same 3D structure form a library of
different patterns. The bottom row corresponds to computer-simulated projections for
the top row, based on a projected specimen thickness of one-half of a unit cell viewed at
the [1, 0, 0] (left), [1, 1, 0] (middle), and [1, 1, 1] (right) directions. The computer-
generated projection can be matched with TEM micrographs to determine the 3D
structure of a cubic membrane arrangement (see section 2.4. for further details).
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[111] projection of reconstruction (almost six) than in
that of the model (just over five).
Information about one type of long-range distor-
tion present in this cubic membrane system is pro-
vided by comparison of z-slices from the tomographic
reconstruction with computer-generated slices
through an ideal double-diamond cubic structure
(Fig. 3). The distinctive 2-Dmembrane profiles in the
tomogram were found (visually and by correlation
analysis) to recur every 35! 2 slices, indicating that
the repeat of the lattice in the z-direction is 101 ! 6
nm. This represents an 18–27% decrease relative to
the repeat in the x and y directions (130 nm),
consistent with radiation-induced collapse of the
plastic section (Luther, 1992). This section shrinkage
appears to be a major source of the long-range lattice
distortions observed in the projections of the tomo-
graphic volumes (Fig. 5), e.g., the larger number of
repeat units in the vertical direction of the [111]
projection of the reconstruction relative to that of the
model.
The tomographic reconstruction of the amoeba
mitochondrion provides considerable information
about the internal organization of this mitochon-
FIG. 1. (a) Projection image recorded at 400 kV of an untilted 0.2-µm-thick section of an amoebamitochondrion. Note the gold particles
used for alignment. (b) Axial projection through the tomographic reconstruction. (c) A 2.9-nm-thick slice from the tomographic
reconstruction. Arrows point to regions on the periphery of the crystalline region where the matrix enters. (d) Enlarged view of the boxed
area in (c) with arrow pointing to the narrow connection of an intracristal compartment to the peripheral (intermembrane) compartment.
Scale bars correspond to 0.25 µm.
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drion in nonordered regions as well as ordered
membrane regions. For example, examination of the
interface between the crystalline and the noncrystal-
line regions of the inner membrane (arrows in Fig.
1c) confirms that the narrow (approximat ly 25 nm
wide) electron-dense space between the crystalline
cristae is continuous with the mitochondrial matrix.
Likewise, inspection of the peripheral region of the
inner membrane (the region proximal to the outer
membra e) indicates that it often connects to the
cristae through narrow (30–40 nm diameter) tubular
segments (e.g., arrow in Fig. 1d). This design feature
has been previously reported to occur in mammalian
mitoch ndria (Mannella t al., 1994, 1997; Perkins t
al., 1997). The connectivity between the intracristal
and the intermembrane spaces over a large portion
of the mitochondrial periphery is illustrated in Fig.
6. In fact, the connections are complex and not
always tubular. However, in no case does a large
cristal cisterna appear to open directly into the
peripheral compartment.
DISCUSSION
Tomographic reconstruction of a mitochondrion in
a cell of the amoeba C. carolinensis provides conclu-
FIG. 2. Projection images of the amoebamitochondrion in Fig.
1 tilted at the indicated angles with respect to the electron beam.
The Fourier power spectrum of each image is shown at the upper
right. Arrow points to a reflection at 1/45 nm!1. Scale bar
corresponds to 0.25 µm.
FIG. 3. Comparison of the membrane profiles in a computed
double-diamond model and in the tomographic reconstruction. (a)
A computed model slice, a projection of a 0.03-unit-cell-thick
section viewed along the [49 13 4] direction showing the pattern
signature of a double-diamond form of cubic membrane. (b,d) Two
slices (Nos. 58 and 23) from the reconstruction showing the closest
match to the pattern in (a). The distance between these slices
indicates a z-repeat of 101 nm. (c) Slice 41, midway between the
slices shown in (b) and (d) and related to them (roughly) by twofold
rotation. The scale bar corresponds to 0.25 µm.
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the SARS-CoV by thin-section EM found many character-
istics previously described for coronaviruses (19,21,22).
Virus particles formed upon membranes of the “budding
compartment,” a term used to describe the continuous
membrane system from the rough endoplasmic reticulum
to the Golgi complex (23,24). Virions accumulated in
dilated vesicles that appeared to migrate to the cell surface
where the virus particles were released or remained adher-
ent to the plasma membrane. Additional cytoplasmic struc-
tures associated with coronavirus infections included
nucleocapsid inclusions and double-membrane vesicles,
which have been proposed as the replication complex for
coronaviruses (20) and arteriviruses (25), a closely related
virus family that, in addition to coronaviruses, is a member
of the order Nidovirales. IEM and ultrastructural ISH
assays detected viral proteins and mRNA or genRNA asso-
ciated with virions, double-membrane vesicles, and nucle-
ocapsid inclusions. Coronaviruses are known to synthesize
a nested set of subgenomic mRNAs (26), such that the
nucleocapsid riboprobe used here allowed detection of all
viral mRNAs in addition to genRNA. Indeed, considerable
amounts of RNAs were detected in the ultrastructural ISH
assays performed on SARS-CoV–infected cells. 
As has been reported for other coronaviruses, addition-
al cytoplasmic features were associated with SARS-
CoV–infected cells. Tubular structures were occasionally
seen within virus-containing vesicles (27,28); and cyto-
plasmic tubuloreticular structures, known to occur with
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Figure 3. Ultrastructural characteristics of double-membrane
vesicles. A) Immunogold labeling of viral proteins by using
hyperimmune mouse ascitic fluid (12 nm gold) in areas of cyto-
plasm in close proximity to the double-membrane vesicles. B)
Ultrastructural in situ hybridization detection of viral mRNA,
genRNA, or both (6 nm g ld) in the s me areas and also at
times associated with diffu e granular material within the dou-
ble-membrane vesicles. C) Double-membrane vesicles show-
ing several single-membrane vesicles enclosed within an outer
membrane (arrowhead). Also present is a tubuloreticular struc-
ture (arrow) with virus particles budding from the membranes.
D) Double-membrane vesicles with a large space between the
inner (arrow) and outer (open arrow) membranes of the vesi-
cles. Virions are seen budding into (arrowheads) and accumu-
lating within the dilated inter-membrane space. At the periphery
of the double-membrane vesicles are nucleocapsid inclusions;
arrows point to discernable nucleocapsids (small arrows). Bars,
100 nm. NOTE: For full reproduction of these images, please
see http://www.cdc.gov/ncidod/EID/vol10no2/03-0913.htm
2.4. Understanding membrane morphology by transmission
electron microscopy
A survey of the literature (Table 6.1) immediately unveils a multitude of
‘‘unusual’’ membrane organizations in various cell types. Most of these
depictions were obtained by TEM of chemically fixed and thin-sectioned
cells and tissues. Dependent on the thickness and orientation of the section
through the specimen, relative to the coordinates of an ordered 3D structure,
various types of projection patterns are observed. As a consequence, mem-
brane ultrastructures derived from TEM images are frequently misinterpreted,
in particular for the highly folded and interconnected 3D morphologies
resembling cubic membranes. TEM relies on 70–90 nm thick sections
through the specimens and the 2D image obtained is the result of a projection
of a 3D structure. Therefore, nonlamellar biological membranes, such as
inverted hexagonal or cubic structures, may yield very heterogeneous projec-
tion patterns by TEM, dependent on the orientation of the section relative to
the stru tural axes (Fig. 6.3). Interpretation of TEM membrane patterns is
fu ther complicated if the lattice size of the observed structure is considerably
maller than that of the section thickness.
Figure 6.6 Multilayer membrane organization and transformation. (A) An overview
of the ultrastructure of chloroplast membrane in green algae Zygnema sp. (LB923) at 41
days of culture. Scale bar: 1 mm. (B) Several s domains display different morpholo-
gies, ranging from simple stacked lamell r in di ect ssociati n with paired parallel
membranes (2 membranes; upper left) and double paired parallel membranes
(4 membranes; lower right) of the gyroid-based cubic membrane morphology. Scale
bar: 500 nm (Deng, 1998).
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Figure 3.6 | Evidence of organelle membrane organization with high saddle-splay curvature9. (A) Schematic
showing how a 3D object an be represe ted and reconstructed with 2D projection maps via EM tomography. (B)
By comparing the 2D projection maps betwe n TEMmicrograph and co puter-simulated QII phases, it is possible
to determine the geometry of th membrane orga ization.
(C) Aa 2.9 nm-thick secti n of amoeba mit c ond ia from EM tomographic reconstruction. (D) Comparison of
exact computed double-diamond Pn3mmodel (t p l  subpanel) with tomography slices from reconstruction that
show the closest match. e lattice repeat i on e order of 100 nm. Scalebar is 0.25 μm.
(E) Ultrastructural characteristics of SARS-CoV-infect d Vero E6 cells, showing bo h several single-membrane
vesicles enclosed within another uter membrane, and a tubulo-reticular structure (TRS) with virus particles bud-
ding from the membranes.
(F) Ultrastructure of chloroplast membranes in green al ae Zygnema sp. (LB923) at 41 days of culture. Scalebar 1
μm. Coexisti g subdomains display morphologies from stacked lamellar to gyroid-like cubics.
9 Panels A, B and F are reproduced from [103] Almsh qi, Z. A. et al.Chapter 6: cubic membranes the missing dimension of cell membrane
organization. Int. Rev. Cell Mol. Biol. 274, 275–342 (2009), Copyright ©2009 Elsevier.
Panels C, D are reprinted with permission from [115] Deng, Y. et al. Cubic membrane structure in amoeba (Chaos carolinensis) mito-
chondria determine by electron microscopic tomography. J Struct Biol 127, 231–9 (1999), Copyright ©1999 Elsevier.
Panel E is reprinted from [116] [116], Centers for Disease Control and Prevention (www.cdc.gov/eid)
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A class of nonlamellar phases : Bicontinuous cubic lipid phases. ree inverse bicontinous cubic (QII)
have been observed in lipid systems, namely the Pn3m (double-diamond), Im3m (plumber’s nightmare) and Ia3d
(gyroid) cubic phases (Figure 3.7B-D), whose bilayer mid-planes sit on the D, P and G inĕnite periodic minimal
surface (IPMS), respectively. e mean curvatureH at the minimal surface is zero. Assuming constant monolayer
thickness, the mean and Gaussian curvatures,H andK , as well as the area element dA of the surfaces described
by the headgroups (on either side of the bilayer) can be related to those (H ,K , dA) of the minimal surface by the
following relations [94, 118]:
H = K
1 +K2
K = K
1 +K2
dA = dA[1 +K2];
(3.2)
where  is the distance between the bilayer midplane and the neutral planes of the monolayers. Because K is
negative, the mean curvature of the parallel monolayer planes H are also negative. Additionally, the monolayer
Gaussian curvature is more negative than the underlying IPMS. Concomitantly, the area per lipid molecule (area
element) is maximized on the minimal surface and decreases with distance . us, a lipid system whose preferred
area per head-group is smaller than its preferred area per tail-group will try to lower its elastic energy by deforming
from a planar bilayer to a saddle surface as it evolves towards equilibrium [93].
e three minimal surfaces D, P and G can be interconverted by a ‘Bonnet’ transformation that preserves the same
distribution of Gaussian curvature (keeping zeromean curvature) at all points. is implies that bicontinuous cubic
phases connected by the same Bonnet transformation (so that the underlying minimal surfaces have the same area)
should be energetically equivalent under the Helfrich equation, and thus expected to co-exist if there are no other
interactions to break the degeneracy.
e integral ofKN over the areas of the unit cells of the diﬀerent cubic phases (includingN = 0) are
w
unit cell
KNdA = SN
d2N−2 (3.3)
where d is the unit cell constant of the cubic phase and the SN coeﬃcients are geometric constants that have been
computed numerically for each of the IPMS. Table Equation 3 lists the geometric characteristics of the three cubic
phases, where  is the Euler-Poincare characteristic and S0 is the surface area of the unit cell (in units of d2, the
lattice constant squared). e Gauss-Bonnet theorem states that the integrated Gaussian curvature over the area of
the minimal surface unit cell is directly related to the Euler-Poincare characteristic via S1 = r KdA = 2. us
the average Gaussian curvature can be computed by ⟨K⟩ = S1/S0d2 = 2/S0d2 [94, 118].
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Table 3.1 | General reĘection conditions (h; k; l permutable), and geometric characteristics of inverse bicontinous cubic (QII) phases10. See Appendix A.9
(page 110) for pre-computed reĘections at diﬀerent Miller indices.
Minimal surface Space group Hermann-Mauguin ReĘection conditions  S0 S1 S2 d/dPn3m
D 224 Pn3m 0kl ∶ k + l = 2n -2 1.91889 −4 100.294 1
h00 ∶ h = 2n
P 229 Im3m hkl ∶ h + k + l = 2n -4 2.34510 −8 328.270 1.279
0kl ∶ k + l = 2n
hhl ∶ l = 2n
h00 ∶ h = 2n
G 230 Ia3d hkl ∶ h + k + l = 2n -8 3.09144 −16 996.071 1.578
0kl ∶ k; l = 2n
hhl ∶ 2h + l = 4n
h00 ∶ h = 4n
10 ReĘection conditions are taken from the International Tables for Crystallography http://it.iucr.org/ Volume A, pg. 683, 712, 715.
Values for , SN and d/dPn3m are taken from [118] and [94].
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Fig. 3. The curvature of a surface at a point P is uniquely 
characterized by the two principal curvatures at that point. To 
determine the values of these curvatures, the following con- 
struction may be used. Take an arbitrary plane which contains 
the unit vector i'normal to the surface at point P (the direction 
of fi" is arbitrary). The plane will intersect the surface along a 
contour L. The first and second derivatives of this contour at 
point P specify the best fitting circle of radius R tangent to the 
surface at P. The radius R is taken to be negative if it is opposite 
to ~. By rotating the plane about [, an ensemble of best fitting 
circles will be produced along with corresponding ensembles of 
radii R and their inverses 1/R. The two principal curvatures are 
the two extreme values of the set of l /R,  with values c I = 1/R I 
and c 2 = I /R 2. R! and R 2 are known as the principal radii of 
curvature. The curvature at point P may also be specified by the 
mean and Gaussian curvatures, which are the arithmetic mean 
and product of the principal curvatures, respectively. As ex- 
amples, the principal curvatures of a sphere are both 1/(radius 
of the sphere), the principal curvatures of a circular cylinder are 
0 and l/(radius of the cylinder), and the principal curvatures of 
a plane are both zero. Note that the principal curvatures of a 
saddle surface, such as that shown in the Figure, have opposite 
signs. Thus, the mean curvature at P can be zero for a saddle 
surface if the principal curvatures have equal magnitudes. 
o f  the lipid form a cont inuous  interface between 
the water and the hyd roca rbon  chains. In  doing 
so, no par t  o f  the hydroca rbon  can be more  than 
the fully extended length o f  the chain f rom the in- 
terface. As shown in Figs. 1 and 2, the bilayer con- 
figuration o f  the L~ phase is but  one o f  a large 
number  o f  geometrical  structures which satisfy 
these organizat ional  constraints.  Winsor  noted 
that  the curvature  o f  the headgroup  surfaces could 
be used to categorize the various phases 
systematically [18]. The curvature  at each point  on 
an arbi t rary smooth  surface is uniquely specified 
by the two principal curvatures,  as defined in Fig. 
3. One can alternatively specify the curvature o f  a 
surface using the mean and Gaussian curvatures, 
which are the mean and produc t  o f  the two prin- 
cipal curvatures, respectively. 
In fiat bilayers, both  principal curvatures are 
zero. The non-lamellar  phases, however, are 
characterized by non-zero  mean curvature o f  the 
lipid-water interface, which can be either positive 
or  negative. By convention,  curvatures are taken 
to be positive if the headgroup surface curves 
toward the hydrocarbon.  Phases with net positive 
mean curvature are classified as type I or  "nor -  
ma l"  phases (Fig. la,b), whereas " inver ted"  or  
type II phases have negative curvature  (Fig. ld, 
Fig. 2). A monoton ic  sequence o f  phases running 
f rom positive to negative interfacial mean cur- 
vature progresses f rom normal  spherical micelles 
to normal  cylindrical micelles to fiat bilayers to in- 
verted cylindrical micelles to inverted spherical 
micelles. The sequence o f  phases exhibited by lipid 
systems as thermodynamic  parameters  are chang-  
ed tends to follow such a mono ton ic  sequence o f  
curvatures [ 18].* 
Al though the type I and II  phases are thought  o f  
as having the same topology  with the water  and 
lipid regions reversed, an impor tan t  difference 
arises f rom the fact that  the hydroca rbon  por t ion 
o f  any phase is o f  limited thickness. This difference 
is evidenced in the limited hydrat ions  observed for 
inverted phases [1]. Fur ther  consequences o f  this 
difference will be discussed below. 
Zero mean curvature  can correspond not  only to 
points on planes, but  also to saddle points where 
the two principal curvatures are o f  equal 
magnitude but  opposite sign. A number  o f  sur- 
faces composed entirely o f  saddles are known 
which have zero mean curvature  at every point  on 
*Cell membranes also formed curved surfaces. Except for very 
small vesicles, however, the curvature of these bilayers is small 
(radii - 0.1--10/~m) compared to the curvature within non- 
bilayer phases (radii - 10~100 .~), which is of the same order 
as the length of a lipid molecules. 
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Figure 3.7 | Bicontinuous c bic phases are rich in negat ve Gaussian curvature11. (A) A saddle surface, with
circles f radius R1 and R2 drawn to determine the principal curvatures at a point P. e principal curvatures are
thus c1 = 1/R1 and c2 = 1/R2, with an additional negative sign appended to one of the curvatures because they
point in opposite directions with respect to the surface normal. is means that the Gaussian curvatureK = c1c2
is negative. When c1 and c2 are exactly equal, he ean curvature becomes zero.
(B-D) Bic ntinuous ubic phases of lipid . Two in erpenetrating but unconnected water regions are separated by
a single continuous lipid bilayer. e surface describing the middle of this bilayer is an IPMS that has zero mean
curvature t all points, wh le the two surfaces described by the head-groups have non-zero mea curvature. (B)
Double-diamond phase of space group Pn3 (Q224), based o the Schwarz’s D surface. Bilayer units are joined
tetrahedrally to form water labyrinths (four-fold junctions). (C) Plumber’s nightmare phase of space group Im3m
(Q229), base n the Schwarz’s P mi imal surface. Bilayer units co nect along orthogonal axes (six-fold junctions).
(D) Gyroid phas of space group Ia3d (Q230), based on the Schoen G minimal surface, consists of chiral networks
with triple junctions.
SAXS analysis of lipid phases. Since SAXS can directly probe the lattice constants of lipidic phases, the most
useful parameter is the cubic lattice constant ratio d/dPn3m, thereaer referred to as the Bonnet ratio (see Equa-
tion 3). For example, if a lipid system has coexisting short Hermann-Mauguin symbol for Schwarz Diamond (D)
minimal surface or space group 224 (double-diamond) (Pn3m) and short Hermann-Mauguin symbol for Schwarz
Primitive (P) minimal surface or space group 229 (plumber’s nightmare) (Im3m) phases, the Im3m lattice constant
should be 1.279 times that of the Pn3m lattice constant. In other words, when we analyze x-ray diﬀraction patterns
in reciprocal space (nm−1), the ĕrst Pn3m scattering peak should be at a q-value that is 1.279 times that of the ĕrst
Im3m scattering peak. is concept allows us to decipher complicated lipid systems which have multiple coexisting
phases. Along the same lines, when the Bonnet ratio is closely followed, cubic phases can “inter-convert” without
aﬀecting the Gaussian curvature everywhere, so depending on interactions unaccounted by the Helfrich equation
(especially when peptides and proteins are involved), the cubic phases will equilibrate until one phase is signiĕ-
cantly more dominant than the other. Conversely, a divergence from the ideal Bonnet ratios imply some inherent
11 Schematic adapted with permission from
(1) [104] Seddon, J. M. Structure of the inverted hexagonal (HII) phase, and non-lamellar phase transitions of lipids. Biochim. Biophys.
Acta 1031, 1–69 (1990), Copyright ©1990 Elsevier.
(2) [105] Tate, M. W. et al. Nonbilayer phases of membrane lipids. Chem. Phys. Lipids 57, 147–64 (1991), Copyright ©1991 Elsevier.
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frustration that is preventing the cubic phases from equilibrating with each other, so both cubic phases may coexist
at relatively similar abundances.
Gibb’s phase rule provides a way to determine the maximum number of coexisting phases at a given pressure and
temperature, and given by F = C − P + 2, where F denotes the number of degrees of freedom, P is the number of
phases and C is the number of components. For a single lipid system, no phase coexistence can take place either
above or below the transition temperature. With lipid compositions comprising two or three diﬀerent lipids, it is
possible to have coexistence of multiple lipidic phases, more so when additional components like peptides/proteins
are involved. For complex multi-component systems with a high chance of several coexisting phases, synchrotron
x-ray sources and high ĕdelity detectors improves our ability to accurately identify and map correlation peaks from
a diﬀraction pattern to the correct phase.
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Chapter 4
Cell-penetrating peptide TAT:
Multiplexed interactions with membrane and actin cytoskeleton
Cell-penetrating peptides (CPPs), such as the HIV TAT peptide, are able to translocate across cellular membranes ef-
ĕciently. A number of mechanisms, from direct entry to various endocytotic mechanisms (both receptor independent
and receptor dependent), have been observed but how these speciĕc amino acid sequences accomplish these eﬀects is
unknown. We show howCPP sequences canmultiplex interactions with themembrane, the actin cytoskeleton, and cell-
surface receptors to facilitate diﬀerent translocation pathways under diﬀerent conditions. Using “nunchuk” CPPs, we
demonstrate that CPPs permeabilize membranes by generating topologically active saddle-splay (“negative Gaussian”)
membrane curvature through multi-dentate hydrogen bonding of lipid head groups. is requirement for negative
Gaussian curvature constrains but underdetermines the amino acid content of CPPs. We observe that in most CPP se-
quences decreasing arginine content is oﬀset by a simultaneous increase in lysine and hydrophobic content. Moreover,
by densely organizing cationic residues while satisfying the above constraint, TAT peptide is able to combine cytoskeletal
remodeling activity withmembrane translocation activity. We show that the TAT peptide can induce structural changes
reminiscent of macropinocytosis in actin-encapsulated giant vesicles without receptors1.
Cell-penetrating peptides (CPPs) are eﬀective intracellular delivery systems [120–124]. ese peptides are usually
short (< 20 amino acids) and cationic. Examples include the TAT peptide from HIV, ANTP from Drosophila, and
even simple polyarginines. Althoughnovelmolecular architectures incorporatingCPPs have been designed for drug
delivery [122, 125–127] the molecular mechanisms of cellular entry, and the relations between them, are not well
understood. Diﬀerent uptake mechanisms have been proposed for CPPs [128]. Cell based assays have indicated
that multiple endocytotic pathways are involved [129–134]. In addition to these, CPPs are also capable of direct
entry mechanisms2 [136–139]. In general, cell penetrating activity of CPPs has proven to be diﬃcult to eliminate
completely using a speciĕc set of conditions [122, 131, 140], suggesting the existence of multiple mechanisms. A
1 is work has been recently published as [119] Mishra, A. et al. Translocation of HIV TAT peptide and analogues induced by multiplexed
membrane and cytoskeletal interactions. Proc. Natl. Acad. Sci. U.S.A. 108, 16883–16888 (2011). A. Mishra, G.H. Lai and G. C. L. Wong
designed the experiments. A. Mishra performed the SAXS characterizations, and G. H. Lai carried out confocal microscopy of GUVs.
R. Tong and L. Tang prepared TAT-conjugated nanoparticles. V. Z. Sun and A. R. Rodriguez prepared the polyarginines, and V. Z. Sun
did the cell assays. N. W. Schmidt and A. Mishra performed the bioinformatics analysis. We thank S. Köhler and A. Bausch for their
GUV electroformation protocol. We acknowledge synchrotron resources at SSRL, APS, ALS and CNSI. We also acknowledge microscopy
resources at the Beckman Institute, UIUC, and CNSI.
2 While initial observations of direct translocation were artifacts of cell ĕxation and ineﬃcient removal of surface bound peptides [135],
live-cell confocal microscopy studies have shown translocation both at 4 °C and in ATP depleted conditions.
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4.1. Achieving a coherent picture of CPP biomolecular activity
uniĕed understanding of CPPs, which is currently lacking, must engage why the same sequence can readily activate
the qualitatively distinct outcomes.
4.1 Achieving a coherent picture of CPP biomolecular activity
How do relatively simple molecules like HIV TAT peptide facilitate mechanisms as diﬀerent as direct translocation,
and multiple endocytotic processes? Rather than debate priority between mechanisms, we focus on the physical
chemistry of what these diﬀerent mechanisms and CPPs have in common. Here, we show how the TAT peptide can
multiplex diﬀerent interactions with the same sequence, thus interactingwith themembrane, the actin cytoskeleton,
and speciĕc receptors to produce multiple pathways of translocation under diﬀerent conditions. While it has been
previously shown that TAT peptide can generate negative Gaussian membrane curvature that is conducive to dif-
ferent types of membrane translocation activity [141], the microscopic mechanism for curvature generation is not
known, and no direct experimental tests are available. Nor is it known how diﬀerent amino acids in a heterogeneous
sequence collectively induce this type of curvature. For example, why do hydrophobic amino acids occur in some
CPPs but not others? With Ęuorescence microscopy, we show the sensitivity of CPPs to changes in hydrophobicity:
the addition of a single hydrophobic residue to purely hydrophilic CPPs can drastically modify the translocation
mechanism. To investigate explicitly the role of peptide- induced membrane curvature strain, synchrotron x-ray
scattering studies on a series of synthetic ‘nunchuk’ CPPs were performed. Results reveal that the induced negative
Gaussian curvature necessary for translocation can be turned on or oﬀ by controlling the organization of lipid head-
groups. Further, we ĕnd that the topological requirement for negative Gaussian curvature places constraints on the
amino acid composition of CPPs, and we identify a trend relating arginines, lysines, and hydrophobic residues that
is consistent with most CPP sequences. Importantly, since the requirements for pore formation underdetermine
the full sequences of CPPs, there is signiĕcant sequence Ęexibility for taking on additional functions. e dense
packing of cationic residues in TAT peptide allows it to not only optimize electrostatic interactions with proteogly-
can receptors but also with the actin cytoskeleton. We show why the TAT peptide does not need receptors to induce
endocytosis. By incubating with the TAT peptide, GUVswith active encapsulated cytoskeletons but no receptors for
endocytosis can be restructured into morphologies reminiscent of those in blebbing and macropinocytosis. us,
the TAT peptide is able to multiplex interactions with diﬀerent cellular components that allow it to induce direct
membrane translocation, and to mediate endocytosis with or without receptors.
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4.2 Experimental
Sequence of TAT peptide. Full length TAT protein sequence data is referenced from P04610 (TAT_HV1BR)
from Uniprot. Out of 11 residues, 8 are cationic (6 arginines and 2 lysines, color-coded in violet). Wikipedia has an
excellent chart of amino acids for reference.
50:sp|P04610|TAT_HV1BR YGRKKRRQRRR
Full details of procedures are described in Appendix A: Consolidated Methods.
1. Peptide preparation is covered in Appendix A.4.
2. SUV preparation for SAXS is covered in Appendix A.5.
3. Actin-loaded GUV preparation for confocal microscopy is covered in Appendix A.6.
4. TAT-nanoparticles are prepared according to Appendix A.7.
5. Computed hkl reĘections for indexing scattering vector peaks from SAXS characterization is documented in
Appendix A.9 (page 110).
Arginines/(Arginines + Lysines) ratio versus ⟨hydrophobicity⟩. e sequences of 39 CPPs were compared
against those of 1080 cationic AMPs. For a given peptide, j, its average hydrophobicity is deĕned by:
⟨Hydrophobicity⟩j ≡ 1n n∑i=1wi;
where n is the number of amino acids in the peptide, and wi is the hydrophobicity of the ith amino acid in the
peptide as set by the Eisenberg hydrophobicity scale. e range of ⟨hydrophobicity⟩ was divided into 20 equal bins
in the case of CPPs and into 100 equal bins in the case of glsplAMP. For the M peptides in a given bin:
NR
NR +NK ≡ ∑
M
j=1(number of R)j∑Mj=1(number of R)j +∑Mj=1(number of K)j :
NR/(NR +NK) was plotted versus ⟨hydrophobicity⟩ for each of the bins to show the trend.
4.3 Results and Discussion
Eﬀect of changing hydrophobicity onCPPs. CPPs with hydrophobic residues (or hydrophobic cargo) act dif-
ferently onmembranes than those without. R6 (unlabeled to eliminate contributions from hydrophobic dyes) medi-
ated permeation of giant unilamellar vesicles (GUVs) that was suﬃciently fast to rupture the GUV (Figure 4.1A, B),
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Figure 4.1 | Mechanism of membrane permeation depends on peptide sequence. (A)When R6 (unlabeled) was
added to 60/20/20 PE/PC/PS GUVs (red) with encapsulated Alexa Fluor 633 dye (blue), it induced permeation
fast enough to rupture the vesicles (Panel (B)). (C, D) Addition of a single tryptophan hydrophobic residue dras-
tically changed the dominant mode of dye translocation/escape: R6W (unlabeled) induced slow leakage of intact
vesicles, similar to antimicrobial peptides. (E, F) Labeling R6 with the hydrophobic aromatic rings of Ęuorescein
isothiocyanate (FITC, green) also gave rise to slow and complete leakage of the GUV encapsulated dye, followed by
eventual uniform equilibration of the R6-FITC peptide across the GUVmembranes (PanelG). Scalebars are 20 μm.
since there is no supporting cytoskeleton that can corral and stabilize the membrane. Similar results were observed
for unlabeled TAT peptide. In contrast, the addition of a single tryptophan hydrophobic residue in R6W (unlabeled)
resulted in slow leakage from a full vesicle to an empty intact vesicle, reminiscent of behavior of many antimicrobial
peptides (AMPs) (Figure 4.1C, D). e same was observed for R6 attached to hydrophobic cargo, in this case Ęu-
orescein (R6-FITC), a dye rich in aromatic rings (Figure 4.1E-G). Aer the encapsulated dye is leaked out, further
addition of R6-FITC results in the peptide traversing the GUV membrane and the peptide concentration equili-
brating across it. is behavior is similar to that observed for labeled TAT peptide and R9 added to GUVs with no
encapsulated dye. ese results suggest that inclusion of a single hydrophobe drastically impacts translocation in
R6. R6 with no hydrophobicity is able to cross the membrane quickly through transient pore-like structures, leading
to rapid lysis of vesicles. e addition of hydrophobicity, however, stabilizes pores that allow for the leakage of
the encapsulated dye without destroying vesicles. ese results illustrate the sensitivity of CPPs to small changes
in hydrophobicity, and help reconcile the diverse range of observations for CPP-induced vesicle leakage, even for
apparently similar experimental conditions [143–145].
To understand how changes in the CPP sequence (such as the addition of hydrophobicity) impinge on the translo-
cation mechanism, we use polyarginine (polyR), the simplest prototypical CPP. Rather than directly solving the
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Figure 4.2 | CPP-induced membrane curvature strain controlled by amino acid content. (A) SAXS data for
polyarginines (R4 and R9) and peptides with two R4 domains separated by PEG spacers, acting on 80/20 PE/PS
SUVs at a peptide-to-lipid molar ratio (P/L) of 1/40. Tetra-arginine blocks (R4) connected with a short PEG spacer
(R4(PEG)5R4) induced a cubic Pn3m phase with a larger lattice constant than that for R9. With a long PEG spacer
(R4(PEG)27R4), the Pn3m phase was suppressed and replaced by HII and Lα phases with no saddle-splay curvature.
R4 is too short to induce saddle-splay curvature (only HII peaks found). Schematic of the peptides shown on the
right. (B) e diﬀraction peak positions for R9 (red circles) and R4(PEG)5R4 (blue squares) are well described by
q = 2√h2 + k2 + l2/d for Miller indices (h; k; l) and lattice constant d. On a log-log plot with q as the ordinate,
a le-shi corresponds to an decrease in lattice constant dPn3m with commensurate increase in saddle-splay curva-
ture [94].
structure of a CPP induced pore, we map out the conditions under which CPPs induce topologically active mem-
brane curvature using small angle x-ray scattering (SAXS). When exposed to R9 (Figure 4.2A), small unilamellar
vesicless (SUVs) underwent a drastic structural transition and displayed characteristic correlation peaks with ratios,
√2: √3: √4: √6, which indicate the formation of a cubic Pn3m ‘double-diamond’ lattice with lattice parameter, d =
13.3 nm. is is consistent with the behavior of the TAT peptide [141]. e Pn3m is a bicontinuous cubic phase
where two non-intersecting water channels are separated by a lipid bilayer [146]. e bilayer traces out a minimal
surface with saddle-splay curvature at every point, indicating that each constituent monolayer also has saddle-splay
curvature at every point, the type of curvature necessary for ‘hole’ formation in a membrane (see Figure 4.3A, B).
Saddle-shaped surfaces are found inside ‘donuts’, which have a single hole each, but not on the surfaces of spheres,
which lack holes. In addition to pore formation, negative Gaussian (or equivalently saddle-splay) curvature is a
necessary condition for processes such as blebbing, which is observed in macropinocytosis.
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Figure 4.3 | NegativeGaussian curvature inducedbypolyarginine varies non-monotonicallywith arginine count.
(A) Schematic of a Pn3m cubic phase, showing the zero mean curvature surface at the midplane between the two
membrane leaĘets, generated in Mathematica using the level-set equations [142]. (B) Schematic of a membrane
pore. e membrane bends in opposite ways along the principal zonal (lattitudinal) and meridonal (longitudinal)
directions around the pore rim reĘects local enrichment of negative Gaussianmembrane curvature within the pore.
(C)e average induced Gaussian curvature is given by ⟨K⟩ = 2/d2A0 where  = −2 andA0 = 1:919 for Pn3m.
Using lattice constants d derived from SAXS characterization studies, ⟨K⟩ is found maximized nearNR = 9 where
observed membrane transduction is empirically highest.
Cationic charge not a suﬃcient condition for transduction. At present, it is not clear how negative Gaus-
sian curvature (c1 > 0 and c2 < 0) derives frommembrane interactions with speciĕc peptide sequences. It is known
that charged polymers can induce electrostatic wrapping by oppositely charged membranes [147–149], so cationic
peptides (e.g. polyarginine, polylysine) naturally generate negative mean curvature via induced electrostatic wrap-
ping of the peptide by anionic cell membranes.
Surprisingly, polylysine (Lys)8 (K8) has the same charge as the TAT peptide but possess no transduction activ-
ity [141]. If the generation of negative Gaussian membrane curvature stress is correlated with CPP permeation
ability, cationic peptides that cannot penetrate cells should not induce lipidic phases with negative Gaussian curva-
ture. Indeed, K8 on membranes of identical composition to those used for TAT peptide induced x-ray diﬀraction
peaks at 1:√3:2 ratio characteristic of the inverted hexagonal (HII). e small HII lattice constant (∼7.8 nm, com-
pared to cubic lattice constants that stay in the 10-20 nm range) indicates much smaller columnar channels ĕlled
with solution. Since the principal curvatures c1 = 0 and c2 < 0, this phase has negative mean curvature but zero
Gaussian curvature. While cationic charge can induce negativemembrane curvature along one principal axis, some-
thing else must supply positive curvature buckling strain along the other axis in order to stabilize negative Gaussian
curvature-rich membrane topologies, such as pores.
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Multi-dentate hydrogen bonding generates negative Gaussian curvature. Comparison of arginine and
lysine side chains suggests the molecular origins responsible for their diﬀerences in peptide interaction with lipid
membranes. It has been proposed that the guanidinium sidegroup in arginines can form multidentate hydrogen
bonds with the phosphates of lipid headgroups and associate with multiple lipid molecules [141, 150, 151].
Arginine’s side chain ends with a basic guanidinium group, where its cationic charge is delocalized over a planar
Y-shape (see Figure 4.4A).e result is a moiety with six potential hydrogen bonding sites, and the highly basic and
directed nature of this guanidinium unit can arrange phosphate groups (from the headgroups of nearby interacting
lipids) about itself to form an “arginine fork” [152, 153]. is enforces a minimum distance between the lipid
headgroups (phosphate interspacing 7.1 Å [152]).
We hypothesize that this multi-dentate hydrogen-bonding eﬀectively enlarges the headgroup area of lipidmolecules
hydrogen-bonded to the arginine residues, thereby creating positive curvature buckling strain along the peptide
chain axis, which, in combination with negative curvature strain along the orthogonal direction from electro-
static interactions, generates saddle-splay curvature (Figure 4.4A-C). In contrast, the amino group in lysine forms
mono-dentate hydrogen bonds, and therefore only generates negative curvature from electrostatic interactions (Fig-
ure 4.4D-F).
To further test this hypothesis, we investigated a series of artiĕcial ‘nunchuk’ CPPs based on two tetra-arginine
(R4) blocks connected by Ęexible polyethylene glycol (PEG) spacer chains of diﬀerent lengths, so that the amount
of positive curvature strain can be continuously varied. For lipid-peptide complexes made using CPPs with short
PEG spacers (RPEG-5), the Pn3m phase was preserved, albeit at a larger lattice constant (d = 17.5 nm), consistent
with decreased saddle-splay curvature: the average induced saddle-splay curvature of RPEG-5 is ⟨K⟩ = 2:1 × 10−4
Å−2, which is less than that from R9 (⟨K⟩ = 3:7 × 10−4 Å−2). As the spacer length was increased (RPEG-27), the
saddle-splay rich Pn3m structure was completely lost, replaced by a coexistence of a lamellar (Lα) phase with d =
8.7 nm (which corresponds to the sum of the bilayer thickness and diameter of the PEG spacer), and an inverted
hexagonal (HII) phase, with a lattice constant of 8.0 nm, which is similar to the HII lattice constant for R4 alone
(7.7 nm). ese results show that the amount of saddle-splay curvature generated and the resultant propensity for
inducing pore-like structures are controlled by the multi-dentate H-bonding induced strain. Interestingly, if we
track how the average induced saddle-splay curvature varies with the number of arginine repeats (NR) in polyR, we
see that it is maximized at NR = 9 (Figure 4.3C), where cell penetrating activity of polyR is highest from empirical
observation [120, 154], with lower activity at signiĕcantly higher or lower peptide lengths.
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Figure 4.4 | Schematic of how TAT peptide generates negative Gaussian membrane curvature.
Strong electrostatic attraction between cationic peptide and anionic lipids induces the membrane to wrap around
the peptide, thereby generating negative curvature in the direction perpendicular to the peptide axis (C). A good
example of such behavior is polylysine with its capacity for mono-dentate hydrogen bonding (A-C).
Multi-dentate hydrogen bonding of arginine induces an eﬀective “headgroup area expansion”. (D) e guan-
dinium group on arginine forms bi-dentate hydrogen bonds with the phosphates of two lipid headgroups. By ef-
ĕciently crosslinking bulky phospholipid headgroups in a directed fashion, this generates positive curvature along
the peptide chain’s contour length (E-F), in addition to the charge-induced negative curvature perpendicular to it,
thereby creating negative Gaussian curvature.
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Figure 4.5 | Both CPPs and AMPs generate negative Gaussian membrane curvature, but diﬀer in hydropho-
bic content. (A) ANTP/Penetratin, TAT peptide and R9 all induce the cubic Pn3m phase in 80/20 DOPE/DOPS
membranes (P/L=1/40). On a log-log plot with q as the ordinate, a le-shi corresponds to an decrease in lattice
constant dPn3m with commensurate increase in saddle-splay curvature (see Figure 5.12 for comparison when q is
the x-coordinate instead). (B) e ratio of the number of arginines to the total number of arginines plus lysines
NR/(NR +NK) plotted against hydrophobicity (Eisenberg hydrophobicity scale) using the amino acid sequences
of 39 CPPs and 1080 cationic AMPs shows that a reduction in arginine content can be compensated for by an
increase in both lysine and hydrophobic content.
Negative Gaussian curvature generation a general trait amongCPPs. Saddle-splay curvature was induced
in similar CPPs, including polyR (d = 13.3 nm for NR = 9), HIV TAT (d = 10.7 nm), and antennapedia, also called
penetratin (ANTP) (d = 15.9 nm) (Figure 4.5A), consistent with the topological requirement for pore formation. In
fact, generation of saddle-splay membrane curvature necessitates speciĕc amino acid compositions in pore forming
peptides. As previously demonstrated, lipid head-group organization by arginine and lysine generates distinct types
of membrane curvature deformations. Arginine simultaneously creates positive and negative curvatures along the
two perpendicular principal directions (negative Gaussian curvature), while lysine creates negative curvature along
one direction only. Hydrophobic amino acids create positive curvature by inserting into the membrane [155–157].
is implies a compensatory relation between arginines and lysines+hydrophobes, as found in AMPs [3], and illus-
trated in a comparison between the amino acid content of CPPs and AMPs. Figure 4.5B shows a plot of NR/(NR
+ NK ) (the ratio of the number of arginines to the sum of the number of arginines and lysines) vs. hydrophobic-
ity as measured by the Eisenberg hydrophobicity scale. A strong trend consistent with this saddle-splay curvature
selection rule can be clearly discerned in CPPs and AMPs, as both are capable of membrane permeation. e trans-
activator of transcription protein transduction domain from HIV-1 (TAT) peptide, which has two lysine residues,
illustrates this rule. According to the selection rule, TAT peptide needs some hydrophobicity to balance the lysines.
TAT peptide, in fact, has two hydrophobic amino acids. is allows the TAT peptide to generate more Gaussian
49
4.3. Results and Discussion
curvature compared to R9, even though it has 6 arginines rather than 9, as shown by the lattice constants (10.7 nm
vs 13.3 nm from Figure 4.5A).
CPPs vs AMPs. Why is the hydrophobic content of the TAT peptide relatively low if hydrophobicity can help
generate negative Gaussian curvature? A key diﬀerence between CPPs and AMPs is that the former systematically
use fewer hydrophobic residues (and concomitantly more arginines) to generate saddle-splay curvature (see com-
parison in Figure 4.5B).is diﬀerence in sequences can potentially decrease the extent of membrane insertion, and
lead to shorter pore lifetimes for CPPs. is hypothesis is consistent with the behavior of R6 variants in Figure 4.1. A
comparison between TAT peptide and R6 is instructive. For R6, the addition of a single strong hydrophobe (1 strong
hydrophobe per 7 amino acids) is able to change the observed translocation mechanism from the fast to the slow
mode. TAT peptide is almost twice as long as R6. Moreover, TAT peptide has one strong hydrophobe and one that
is quite weak. We have seen that unlabeled TAT peptide is capable of fast translocation, although not quite as fast as
the R6. By adding one strong hydrophobic Ęuorescent dye to its sequence, TAT peptide has two strong hydrophobes
in 12 residues (or 1 strong hydrophobe per 6 amino acids). e proportion of hydrophobic residues is now actually
comparable to that of R6W and a slow dye leakage is observed, consistent with published experiments [146, 158, 159].
We hypothesize that the diﬀerence between peptides that kill and those that do not may be associated with the
timescale of the induced membrane deformation. CPPs only induce transient pore-like translocation structures in
the membrane, perhaps reminiscent of those observed in recent simulations [160, 161], rather than the stable pores
of AMPs.
Saddle-splay curvature and the translocation of peptide-attached cargo. e ability to generate saddle-
splay membrane curvature is inherent in the sequences of CPPs. Such curvature is broadly enabling, and is also evi-
dent in the dimples formed in caveolae-based endocytosis and in the cytoskeleton-drivenprotrusions inmacropinocy-
tosis [128]. Moreover, CPPs are able to generate saddle-splay curvature in membranes even when incubated at 4
°C, consistent with direct translocation observed at low temperatures. While induction of saddle-splay curvature
accounts for the existence of direct translocation across cell membranes, it is not a suﬃcient condition for full CPP
activity. We observed that TAMRA-labeled TAT peptide (TAMRA-TAT) readily crossed the membranes of giant
unilamellar vesicles (GUVs) and the peptide concentration equilibrated across the membrane (Figure 4.6A). How-
ever, the same was not true for TAT peptide conjugated to nanoparticles. We attached polylactide (PLA) nanopar-
ticles (∼30 nm in diameter) stained with Cy5 dye to the TAT peptide (TAT-NP). TAT-NPs were unable to enter
vesicles (Figure 4.6B). e enhanced Ęuorescence intensity at the lipid bilayer indicated aggregation of TAT-NPs
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Figure 4.6 | e induction of saddle-splay curvature alone is not a suﬃcient condition for full strength CPP ac-
tivity. (A) TAMRA-labeled TAT peptide (red) readily crossed GUVmembranes composed of 40/40/20 PE/PC/PS.
(B) TAT peptide covalent coupled to Cy5-tagged PLA nanoparticles (approximately 30 nm diameter) to give TAT-
NP (blue). TAT-NP did not cross the membrane but were localized at the periphery of the GUVs. (C) 40/40/20
PE/PC/PS GUVs loaded with G-actin and rhodamine phalloidin (red). (D) When TAT-NPs (blue) were added,
they localized at the GUVperiphery and eventually induced negative Gaussianmembrane curvature andmembrane
permeation, enabling existing Mg2+ in the GUV exterior to cross the membrane and polmerize the encapsulated
G-actin into F-actin (red). Scalebars are 10 μm.
around the periphery of GUVs. e TAT peptide, although conjugated to the nanoparticles, is still able to induce
negative Gaussian membrane curvature and permeabilize the membrane. TAT-NPs added to GUVs with encapsu-
latedG-actin allowedMg2+ ions to cross themembrane and polymerize actin (Figure 4.6C, D).ese results suggest
that large TAT-NPs are anchored to a perforated membrane but are not directly translocated, and consequently re-
quire an endocytotic process for cellular uptake. is indicates that the debate of direct entry versus endocytosis
is not a simple ‘either-or’ question with distinct and exclusive outcomes and is inĘuenced by factors like size of
attached cargo. e above result shows that it is possible for the TAT peptide to perforate the membrane and an-
chor a large payload to it, but not translocate across the membrane. is leads to the question of how TAT peptide
promotes endocytotic uptake of large cargos, as observed in cell-based studies [124, 130, 162].
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Requirement for saddle-splay curvature generation under-determines CPP sequence. ere is signif-
icant sequence Ęexibility in TAT peptide to develop additional functions, such as binding to receptors and to the
cytoskeleton, since the requirement for generating negative Gaussian curvature (Figure 4.3) underdetermines the
full CPP sequence, as stated above. e charge density of TAT peptide (linear charge density λT= +1e/4:5Å) closely
matches the charge density of cell surface heparan sulfate proteoglycans (HSPG) ( λH ∼ −1e/5Å), which are known
receptors for endocytosis [163, 164]. Electrostatic attractions in water are especially strong when the charged sur-
faces have comparable charge densities, due to the resultantmaximal entropy gain of counterion release [27, 28]. In-
deed, thermodynamic studies show that the TAT peptide has signiĕcant aﬃnity towards heparin sulfate [165, 166];
studies using cells treated with chemicals that eliminate HSPGs or using mutant cells that are unable to synthesize
proteoglycans have shown a signiĕcant reduction in TAT peptide internalization [132, 134, 167]. However, recent
studies have demonstrated transduction of TAT peptide even in mutant cells deĕcient in glycosaminoglycans [168,
169]. ese results suggest that even though cell surface proteoglycans constitute an internalization pathway, other
independent pathways also exist.
Cytoskeletal remodeling activity inMacropinocytosis. Macropinocytosis has been suggested as a receptor-
independent endocytosis mechanism for cellular uptake of TAT peptide [130, 168, 170], although the details are
not completely clear. Macropinocytosis is a receptor-independent pathway for endocytosis that begins with out-
wardly directed growth of actin ĕlaments that ultimately results in internalization of objects within large endocytotic
vesicles (macropinosomes) (see Figure 4.7A). Since the CPP internalization pathway depends on ambient condi-
tions [122, 171, 172], we have performed experiments to conĕrm that actin polymerization inhibitors signiĕcantly
reduce CPP uptake levels under our experimental conditions, to comparewith existing traﬃcking experiments [129,
130, 170].
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A large GTPase of ~100 kDa. 
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forms of endocytosis as well as 
vesicle formation from various 
intracellular organelles through 
its ability to tubulate and sever 
membranes. 
Caveolae
50–80 nm flask-shaped pits 
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membrane and are enriched in 
caveolins, sphingolipids and 
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An intracellular compartment 
that is involved in the 
intracellular transport of simian 
virus-40 from caveolae to the 
endoplasmic reticulum.
Glycosyl phosphatidylinosi-
tol-anchored protein
A protein that is anchored to 
the extracellular membrane 
leaflet through the glycosyl 
phosphatidylinositol lipid 
modification rather than 
through a transmembrane 
protein domain.
in our classification scheme is the requirement for 
dynamin, thus, CI pathways are neatly divided in terms 
of those that use a dynamin-mediated scission mech-
anism (dynamin-dependent), and those that require 
other processes (dynamin-independent). A second 
feature apparent from the literature is the involvement 
of small GTPases in several CI pathways. We use this fea-
ture to classify the CI pathways further; the terminology 
CDC42-, RhoA- or ARF6-regulated endocytic pathway 
indicates that interfering with or modifying the function 
of these different GTPases affects the internalization (or 
trafficking) of one set of CI endocytic markers, but not 
another (see below and REFS 10,14,15). However, this 
terminology is not meant to imply that a given GTPase 
is directly involved only in a particular internalization 
mechanism — these pathways have been primarily 
defined by mutants of these GTPases, which are likely 
to affect many cellular processes16–18. 
By dividing the CI pathways into the potential sub-
classes outlined above, we aim to categorize the molecular 
machinery associated with these pathways in a straight-
forward manner that is also consistent with the existing 
literature; however, alternative classification schemes 
have also been proposed (BOX 1). Although no system is 
likely to be completely satisfactory at this time, we believe 
that the scheme shown in FIG. 3 is helpful in providing a 
framework to organize and discuss the current literature 
in this rapidly growing field and to fuel systematic experi-
mentation. A major task ahead is to identify the mole-
cules that regulate particular CI endocytic mechanisms 
and to learn whether additional CI pathways exist.
Dynamin-dependent CI pathways. Caveolae-mediated 
endocytosis is perhaps the best-characterized dynamin-
dependent CI pathway. Caveolae are 50–80 nm flask-
shaped plasma membrane invaginations that are marked 
by the presence of a member of the caveolin (Cav) 
protein family and are present in many cell types19–21. 
Biochemical and proteomic analyses of caveolar mem-
brane fractions have shown that they are enriched in 
sphingolipids and cholesterol22, signalling proteins and 
clustered glycosyl phosphatidylinositol-anchored proteins 
(GPI-APs)23–25. Indeed, caveolar cargoes are diverse, 
ranging from lipids, proteins and lipid-anchored proteins 
to pathogens (TABLE 1). However, the study of caveolar 
endocytosis is complicated by the possibility that the 
same endocytic cargo may be internalized by different 
mechanisms in different cell types or may switch path-
ways in a single cell type under different conditions. For 
example, albumin is internalized by caveolae in some cell 
types (human skin fibroblasts and endothelial cells)26–28, 
whereas in Chinese hamster ovary cells it is internal-
ized by a RhoA-dependent mechanism29 (see below and 
REFS 28,30–34 for other examples). This suggests the 
presence of redundant CI endocytic mechanisms that 
can be used by some cargo molecules.
A second, dynamin-dependent CI mechanism is a 
pathway that is dependent on the small GTPase RhoA35. 
This pathway was uncovered while studying the path-
way that is responsible for internalizing the β-chain 
of the interleukin-2 receptor (IL-2R-β), although it is 
also used to internalize other proteins in both immune 
cells and fibroblasts (TABLE 1). Following ligand binding, 
Figure 1 | Pathways of entry into cells. Large particles can be taken up by phagocytosis, whereas fluid uptake occurs by 
macropinocytosis. Both processes appear to be triggered by and are dependent on actin-mediated remodelling of the 
plasma membrane at a large scale. Compared with the other endocytic pathways, the size of the vesicles formed by 
phagocytosis and macropinocytosis is much larger. Numerous cargoes (TABLE 1) can be endocytosed by mechanisms that are 
independent of the coat protein clathrin and the fission GTPase, dynamin. This Review focuses on the clathrin-independent 
pathways, some of which are also dynamin independent (FIGS 2,3). Most internalized cargoes are delivered to the early 
endosome via vesicular (clathrin- or caveolin-coated vesicles) or tubular intermediates (known as clathrin- and dynamin-
independent carriers (CLICs)) that are derived from the plasma membrane. Some pathways may first traffic to intermediate 
compartments, such as the caveosome or glycosyl phosphatidylinositol-anchored protein enriched early endosomal 
compartments (GEEC), en route to the early endosome.
REVIEWS
604 | AUGUST 2007 | VOLUME 8  www.nature.com/reviews/molcellbio
A
B C
'Dimple' with 
negative Gaussian curvature 
around the base.
Pseudopodium
Figure 4.7 | Inhibition of actin polymerization diminishes endocytotic intake of TAT.
(A) A well-illustrated schematic of diﬀerent entry pathways into cells3. Phagocytosis (f r large bodies) and
macropinocytosis (Ęuid uptake) appears to be triggered by and are dependent on actin-mediatedmembrane remod-
eling at a large scale. Notice that negative Gaussian or saddle-splay membrane curvature is prominently featured
around the rims of pores, necks of buds and base of blebs.
(B) Panel top-le: FITC-labeled TAT intake (gree ) by HeLa cells with nuclei visualized with DAPI (blue). When
cells are pretreated with cytochalasin D, a mycotoxin that inhibits actin polymerization, signiĕcant decrease in TAT
peptide internalizati n was observed (subpa el top-right). e same trend was observed with FITC-R9 (subpanels
bottom-le to bottom-right).
(C) Ca toon of howmacropinocytosis requires both negative Gaussian embrane curvature and actin polymeriza-
tion activity to grow ĕnger-like pseudopodia.
CPP cellular update depends on actin polymerization activity. Intracellular CPP traﬃcking experiments
were performed to investigate the cellular uptake of TAT peptide and R9 in the presence of speciĕc inhibitors.
HeLa cells, stained with DAPI, were pretreated with inhibitors cytochalasin D and nystatin, chemicals that inhibit
macropinocytosis and caveolae-dependent endocytosis, respec- tively. Representative confocal images are shown
in ĕg:ActinRoleB for cytochalasin D, and expanded for both inhibitors in Figure 4.8. TAT and R9 readily crossed
3 Reprintedwith permission fromMacmillan Publishers Ltd: [173]Mayor, S. & Pagano, R. E. Pathways of clathrin-independent endocytosis.
Nat. Rev. Mol. Cell Biol. 8, 603–12 (2007), Copyright ©2007.
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Figure 4.8 | Endocytotic uptake of CPPs suppressed by inhibition of actin polymerization. Confocalmicrographs
of HeLa cells in peptide cellular uptake studies (top row: FITC-TAT, bottom row: FITC-R9) using no inhibitor drug
(A, B), nystatin (C, D), and cytochalasin D (E, F), respectively. e peptides and inhibitor drugs caused little to no
cytotoxicity at the conditions used (G, H).
the membrane in the control cells (cells not treated with transport inhibitors, see Figure 4.8A, B). Although treat-
ing the cells with nystatin had a small eﬀect (Figure 4.8C, D), cytochalasin D, which inhibits actin polymerization,
signiĕcantly reduced the uptake of the peptides (Figure 4.8E, F). Cell survival assays showed that the peptides and
inhibitor drugs do not cause appreciable cytotoxicity under our experimental conditions (Figure 4.8G, H). ese
results demonstrate an important role for actin polymerization in the TAT uptake mechanism, consistent with a
parallel endocytotic pathway. However, they do not indicate how endocytosis is achieved in the absence of recep-
tors. Moreover, it is not clear how TAT peptide induces the observed actin accumulation and remodeling at the cell
periphery [129, 174, 175].
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TAT induces actin remodeling. At present, it is not known how the TAT peptide can non-speciĕcally induce
actin remodeling. We note that CPPs are highly cationic with a charge density beyond the Manning limit [176,
177], which allows them to interact directly and strongly with the actin cytoskeleton. In fact, the cationic charge
of the TAT peptide can eﬃciently interact with both heparan sulfate proteoglycans and ĕlamentous actin (F-actin)
(λA = −1e/2:5 Å), leading to strong attractive interactions. e former allows for receptor-mediated endocytosis as
noted above, but the latter allows something new. In order to eliminate the inĘuence of all potential receptors for
endocytosis, we investigated TAT peptide’s interactions with an active actin cytoskeleton encapsulated inside a GUV
with divalent ion channels (calcium ionophore, also called calcimycin (A23187)). Such channels provide a steady
supply of Mg2+ ions to maintain a high level of dynamic actin polymerization inside the GUVs. In the absence of
TAT peptide, no signiĕcantmembrane deformations were observed (Figure 4.11A).When these actin-encapsulated
GUVs were exposed to TAT peptide (unlabeled), they underwent drastic shape transitions, reminiscent of ‘ruﬄing’
and ‘ĕngering’ deformations in cells (Figure 4.11B, C). In some cases, the actin network even broke symmetry and
deformed the spherical vesicle into elongated structures (Figure 4.11D). Collectively, these induced cytoskeletal
changes are similar to those that occur in macropinocytosis. Moreover, in vitro results show that in addition to
membrane eﬀects, TAT peptide can also directly induce actin polymerization and bundle formation. SAXS charac-
terization conĕrmed actin polymerization (Figure 4.9A-C), and confocal microscopy studies of TAT-actinmixtures
revealed clumps of networked F-actin bundles (Figure 4.9D), which do not resemble the relatively straight close-
packed bundles induced with small divalent ions (compare with actin bundles condensed by Mg2+ in Figure 1.6).
is close network morphology of TAT-induced F-actin bundles could be a result of TAT’s high charge spread over
a signiĕcantly larger size (compared to simple divalent ions), perhaps allowing each TAT peptide to interact with
more than one nearby bundle. Surprisingly, this highly connected F-actin bundle network induced by TAT can be
restructured drastically with subsequent addition of Mg2+ ions to give short stiﬀ bundles (“defect-free” in compar-
ison to the original entangled bundle mess) (see Figure 4.9E), suggesting that the stronger bundling agent Mg2+
might have displaced many TAT/F-actin interactions that were initially holding the entangle network together.
55
4.3. Results and Discussion
0.5 1.0 1.5 2.0 2.5
  
  TAT + F-actin
TAT + G-actin
Scattering vector q (nm-1)
In
te
ns
ity
 (d
et
ec
to
r u
nit
s)
0.5 1.0 1.5 2.0 2.5
Structure and Stability of Self-Assembled Actin-Lysozyme Complexes in Salty Water
Lori K. Sanders,1 Camilo Gua´queta,1 Thomas E. Angelini,2 Jae-Wook Lee,1
Scott C. Slimmer,1 Erik Luijten,1,* and Gerard C. L. Wong1,2,†
1Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
2Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
(Received 15 July 2004; published 1 September 2005)
Interactions between actin, an anionic polyelectrolyte, and lysozyme, a cationic globular protein, have
been examined using a combination of synchrotron small-angle x-ray scattering and molecular dynamics
simulations. Lysozyme initially bridges pairs of actin filaments, which relax into hexagonally coordinated
columnar complexes comprised of actin held together by incommensurate one-dimensional close-packed
arrays of lysozyme macroions. These complexes are found to be stable even in the presence of significant
concentrations of monovalent salt, which is quantitatively explained from a redistribution of salt between
the condensed and the aqueous phases.
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In the presence of multivalent cations, anionic biological
polyelectrolytes can overcome their electrostatic repulsion
and exhibit a mutual attraction. These ‘‘like-charge attrac-
tions’’ result from ion correlations that cannot be under-
stood within mean-field theories such as the commonly
employed Poisson-Boltzmann formalism [1–3]. The prob-
lem becomes more complex when the mediating multi-
valent cations are themselves macroions. Macroion-
polyelectrolyte complexes occur in many physical sys-
tems, such as DNA-dendrimer complexes for nonviral
gene therapy [4] and antimicrobial binding in cys ic fib-
rosis [5]. Various factors affect their formation: the pres-
ence of salt can lead to an attraction driven by osmotic
pressure [6]. Differential screening of positive and negative
charges distributed on the surface of a macroion may
significantly modify interactions at the macroion-
polyelectrolyte interface [7]. Entropic gain due to mutual
neutralization and consequent counterion release upon
macroion-polyelectrolyte ‘‘adhesion’’ is expected to be
important, but can be potentially modulated by the steric
commensurability between the charge pattern on the poly-
electrolyte and the macroion size [8]. The relative impor-
tance of all these interactions, and how they modify one
another in their combined effect on the structural evolution
of macroion-polyelectrolyte complexes, is generally
unknown.
In this Letter, we examine the role of several of the
above-mentioned interactions in the complexation of actin
and lysozyme, a prototypical system of oppositely charged
‘‘rods’’ and ‘‘spheres,’’ over a range of monovalent salt
concentrations. Using synchrotron small-angle x-ray scat-
tering (SAXS), we show that self-assembled complexes are
comprised of hexagonally coordinated columnar arrange-
ments of actin held together by one-dimensional (1D)
arrays of lysozyme macroions at the threefold interstitial
‘‘tunnels’’ of the columnar actin sublattice (Fig. 1).
Molecular dynamics (MD) simulations using a realistic
model of the actin helix provide a detailed confirmation
of this picture, and reveal structural reconstructions and
corresponding salt redistribution within an actin-lysozyme
bundle as the inter-actin separation is varied. Both experi-
ment and simulation show that the lysozyme is arranged in
a close-packed manner, incommensurate with the actin
periodicity. Moreover, the self-assembly of columnar
actin-lysozyme complexes is enhanced for higher concen-
trations of monovalent ions. We believe that these results
can be explained by significant partitioning of salt between
FIG. 1 (color). (a) Synchrotron 2D x-ray diffraction pattern of
partially aligned actin-lysozyme bundles, formed in a solution
containing 150 mM KCl. (b) 1D integrated slices along the qz
and qr directions with arrows marking the actin-actin close-
packed bundling peak (1), the actin helix form factor (2), and the
lysozyme-lysozyme correlation peak (3). (c) Proposed structure
of actin-lysozyme composite bundles (side and end views):
lysozyme (orange) is close packed in threefold symmetric sites
between actin filaments (blue).
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and lysozyme, a prototypical system of oppositely charged
‘‘rods’’ and ‘‘spheres,’’ over a range of monovalent salt
concentrations. Using synchrotron small-angle x-ray scat-
tering (SAXS), we show that self-assembled complexes are
comprised of hexagonally coordinated columnar arrange-
ments of actin held together by one-dimensional (1D)
arrays of lysozyme macroions at the threefold interstitial
‘‘tunnels’’ of the columnar actin sublattice (Fig. 1).
Molecular dynamics (MD) simulations using a realistic
model of the actin helix provide a detailed confirmation
of this picture, and reveal structural reconstructions and
corresponding s lt redistribution within an actin-lysozyme
bundle as the inter-actin separation is varied. Both experi-
ment and simulation show that the lysozyme is arranged in
a close-packed manner, incommensurate with the actin
periodicity. Moreover, the self-assembly of columnar
actin-lysozyme complexes is enhanced for higher concen-
trations of monovalent ions. We believe that these results
can be explained by significant partitioning of salt between
FIG. 1 (color). (a) Synchrotron 2D x-ray diffraction pattern of
partially aligned actin-lysozyme bundles, formed in a solution
containing 150 mM KCl. (b) 1D integrated slices along the qz
and qr directions with arrows marking the actin-actin close-
packed bundling peak (1), the actin helix form factor (2), and the
lysozyme-lysozyme correlation peak (3). (c) Proposed structure
of actin-lysozyme composite bundles (side and end views):
lysozyme (orange) is close packed in threefold symmetric sites
between actin filaments (blue).
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Interactions between actin, an anionic polyelectrolyte, and lysozyme, a cationic globular protein, have
been examined using a combination of synchrotron small-angle x-ray scattering and molecular dynamics
simulations. Lys zyme initially bridges pairs of a tin filaments, which relax into hexagonally coordinated
column r complexes comprised of actin held tog ther by incommensurate o e-dimensional close-packed
arrays of lys zyme macroions. These pl xes re found to be st ble even in the presence of significant
concentrations of monovalent salt, which is quantitatively xplai ed from a redistribution of salt between
the condensed and the aqueous phas s.
DOI: 10.1103/PhysRevLett.95.108302 PACS numbers: 82.35.Rs, 87.15.Aa, 87.16.Ka, 87.64.Bx
In the presence of multivalent cations, anionic biological
polyelectrolytes can overcome their electrostatic repulsion
and exhibit a mutual attraction. These ‘‘like-charge attrac-
tions’’ result from ion correlations that cannot be under-
stood withi mean-field theories such as the c mmonly
employed Poisson-Boltzmann formalism [1–3]. The prob-
lem becomes more co plex when the mediating multi-
valent cations are themselves macroions. Macroion-
polyelectrolyte complexes occur in many physical sys-
tems, such as DNA-dendrim r complexes for nonviral
ge e therapy [4] and a timicrob al binding in cystic fib-
rosis [5]. Various factors affect their formation: the pres-
ence of salt can lead to an attr ction driven by osmotic
pressure [6]. Differential screening of positive and negative
charges distributed on the surface of a macroion may
significantly modify interactions at the macroion-
polyelectrolyte interface [7]. Entropic gain due to mutual
neutralization and consequent counterion release upon
macroion-polyelectrolyte ‘‘adhesion’’ is expected to be
important, but can be potentially modulated by the steric
commensurability between the charge pattern on the poly-
electrolyte and the macroion size [8]. The relative impor-
tance of all these interactions, and how they modify one
another in their combined effect on the structural evolution
of macroion-polyelectrolyte omplexes, is generally
unknown.
In this Letter, we examine the role of several of the
above-mentioned interactions in the complexation of actin
and lysozyme, a prot typical system of oppositely charged
‘‘rods’’ and ‘‘spheres,’’ over a range of monovalent salt
concentrations. Using synchrotron small-angle x-ray scat-
tering (SAXS), we show that self-assembled complex s are
comprised of hexagonally coordinated columnar arrange-
ments of actin held together by one-dimensional (1D)
arrays of lysozyme macroions at the threefold interstitial
‘‘tunnels’’ of the columnar actin sublattice (Fig. 1).
Molecular dynamics (MD) simulations using a realistic
m del of the actin helix provide a detailed confirmation
of this picture, and reveal structural reconstructions and
corresponding salt redistribution within an actin-lysozyme
bundle as the inter-actin separation is varied. Both experi-
ment and simulation show that the lysozyme is arranged in
a close-packed manner, incommensurate with the actin
periodicity. Moreover, the self-assembly of columnar
actin-lysozyme complexes is enhanced for higher concen-
trations of mono alent ions. We believe that these results
ca be expl ined by significan partitioning of salt between
FIG. 1 (color). (a) Synchrotron 2D x-ray diffraction pattern of
partially aligned actin-lysozyme bundles, formed in a solution
containing 150 mM KCl. (b) 1D integrated slices along the qz
and qr directions with arrows marking the actin-actin close-
packed bundling peak (1), the actin helix form factor (2), and the
lysozyme-lysozyme correlation peak (3). (c) Proposed structure
of actin-lysozyme composite bundles (side and end views):
lysozyme (orange) is close packed in threefold symmetric sites
between actin filaments (blue).
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Alexa Fluor 488 (Molecular Probes). A Leica SP-2 confocal
microscopy system (Beckman Institute, Urbana, IL) was used to
image the dilu e F-a ti solutions in sealed sample cells at
differen ion c strengths. The observed thickness of bundles in
th image indicates that each bundle is comprised of thousands
of filaments.
A direct comparison between the 2D SAXS patterns of F-actin
condensed smotically without using divalent ions and of F-actin
condensed electrostatically with divalent ions is made in Fig. 3.
Fig. 3A is a 2D SAXS pattern of partially aligned F-actin at 90
mg!ml in the absence of divalent ions. The F-actin rods are
aligned along the qz axis and are powder-averaged in the plane
perpendicular to the qz axis. For the analysis of the 2D SAXS
patterns (Fig. 3 A and D), cuts along qr and qz are produced by
integrating the 2D SAXS image over 40° wedges in !, centered
about the qr and qz axes, where qr ! qcos!, qz ! qsin!, q "
(4"!#)sin$, and 2$ is the Bragg angle. The three equatorial peaks
(a–c) in Fig. 3B correspond to the first-order, #3-order, and
second-order peaks expected from local hexagonal coordination.
The two strong, partially orientationally averaged peaks (d and
e) along the meridional direction (Fig. 3C) are the well known
sixth- and seventh-layer lines characteristic of 13!6 symmetry (13
monomers in 6 full turns) (14), in agreement with the known
structure of F-actin. To account for the sample mosaic and the
effects of integration on layer lines, we partially powder-
averaged ("!2 % ! % "!4) theoretical 2D diffraction patterns.
The resulting modeled peak positions have been optimized by
varying the monomer spacing in 0.1-Å increments. These peak
positions and combined full width at half-maximum are well
described (to within 1%) by a Fourier transform of the standard
four-sphere model (15) for the actin filament, using the Holmes
coordinates (14), combined with Gaussian layer line profiles (16).
The diffraction pattern for multivalent ion condensed F-actin
bundles differs dramatically from that of the nonelectrostatically
condensed F-actin. Fig. 3D is a 2D SAXS pattern of a partially
aligned sample of F-actin at 7.5 mg!ml condensed with 60 mM
Ba2$. The filaments are oriented parallel to qz on average as in
the nonelectrostatically condensed sample above. The most
salient difference between the two diffraction patterns (between
Fig. 3 A and D and between Fig. 3 C and F) is the appearance
of a sharp diffraction feature at qz " 0.105 Å%1 in the electro-
statically condensed case (Fig. 3F, peak i). This finding is
surprising because the sample alignment is weaker for the
electrostatically condensed actin compared with the nonelectro-
statically condensed actin, and weaker alignment can only
broaden and weaken existing peaks, but never produce new ones.
It is in fact not possible to generate this new peak by using the
F-actin helix. This peak, which only occurs for multivalent ion
condensed samples and is aligned along the qz-axis, corresponds
to ‘‘ripples’’ of multivalent ion density along the filament axis,
analogous to a classical 1D charge density wave (CDW). Com-
pared to any of the F-actin layer line peaks in this region of
reciprocal space, this peak is symmetrical, significantly sharper,
and more intense. This peak is consistent with the diffraction
from a new 1D periodic charge distribution with a finite in-plane
width and azimuthal symmetry. Its diffraction signal is propor-
tional to the modulus squared of its Fourier transform, which is
the product of a periodic arrangement of Bragg sheets multiplied
by 0th-order Bessel functions centered on the qz axis, which
suppress the off-axis Bragg sheet intensity. Unlike the higher-
order Bessel function peaks from the F-actin helix, which are
shifted and broadened along qz by the large mosaic distribution
of bundle orientations within the sample volume, this peak
remains sharp along qz even after such orientational averaging.
Because we observe a single peak, the counterion CDW is
dominated by one Fourier component and is approximately
described by a simple sinusoidal density variation with a spatial
period of 59.8 Å, which is comparable to the spacing between
monomer ridges on the surface of one side of an F-actin filament
(approximately two times the monomer spacing). Because of the
weak diffraction signal of the CDW, we cannot rule out the
possibility of higher harmonics. Our results, however, suggest
that the dominant Fourier component of the CDW is the one at
qz " 0.105 Å%1, which implies that the counterion distribution can
be approximated by a ‘‘frozen’’ 1D sinusoidal ripple along the
polyelectrolyte.
This simple picture, however, is incomplete. For example, why
do the counterions follow a new 1D symmetry rather than the full
helical symmetry of the charge distribution on F-actin? A close
Fig. 1. Schematic representations of uncondensed and condensed F-actin.
(A) At low multivalent ion concentrations, two F-actin filaments maintain
their native 13!6 symmetry and are unbound. (B) At high multivalent ion
concentrations, the ions collectively formaCDWandbundle F-actinfilaments.
Moreover, the CDW f rms a coupled mode with torsional distortions of the
F-actin and has vertwisted it by 3.8° per monomer to a new 36!17 symmetry.
Th representations of F-actin are low-resolution density maps generated by
usi g SITUS software (http:!!situs.biomachina.org).
Fig. 2. (A) SAXS profiles of F-actin (&2 &m long) condensed by Ba2$ ions. At
0 mM Ba2$ concentration, F-actin is in an uncondensed isotropic phase. At
high Ba2$ concentrations (36 and 108 mM), F-actin condenses into close
pack d bundles with a correlation peak at q " 0.089 Å%1, indicating the
existence of an attraction. A weak higher-order reflection can also be ob-
served at q " 0.136 Å%1, which deviates slightly from the position expected
from an exact hexagonal lattice. (B) A confocal image of a dilute (0.03mg!ml)
solution of bundles of F-actin (&10 &m) at 72 mM global Ba2$ concentration.
(Scale bar, 8 &m.)
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Figure 4.9 | Cell penetrating peptide TAT condenses F-actin in a messy way4.
(A) SAXS characterization of TAT interactionwith both actinmonomer (G-actin) and ĕlament (F-actin). Compare
actin-TAT bundles with (B) actin-lysozyme bundles and (C) actin-Ba2+ bundles.
(B) Actin-lysozyme bundles: (top) 2D diﬀraction pattern and (bottom) 1D integrated slices along qz & qr direc-
tions, with arrows marking the actin-actin close-packed bundling peak (1), the actin helix form factor (2) and the
lysozyme-lysozyme correlation peak (3). Lysozyme is approximately an ellipsoid of size 2.6 nm x 2.6 nm x 4.5 nm
with +9e at neutral pH.
(C) F-actin condensed by diﬀerent concentrations of Ba2+ ions.
(D) TAT polymerizes G-actin into F-actin, and causes F-actin to aggregate into clumps of loose networks. Approx-
imately 0.19 μM TAT was added to 6.66 μM G-actin. F-actin (red) was visualized with rhodamine phalloidin.
(E) Further introduction of small divalent ions (Mg2+) to the actin-TAT systemdrastically restructures the bundling
morphology from clumps of messy networks into uniformly dispersed F-actin bundles that were short and tightly-
condensed. Original system has 1.26 μM TAT and 4.44 μM G-actin before 66 μM MgCl2 was added 30 minutes
later. e compact Mg2+ appears to be a stronger bundling agent than TAT and does not induce as many defects
during F-actin bundling. Scalebars are 12 μm.
4 Subĕgure B is reprinted with permission from [27] Sanders, L. K. et al. Structure and Stability of Self-Assembled Actin-Lysozyme Com-
plexes in Salty Water. Phys. Rev. Lett. 95, 108302 (2005), Copyright ©2005 e American Physical Society.
Subĕgure C is reprinted with permission from [39] Angelini, T. E. et al. Like-charge attraction between polyelectrolytes induced by
counterion charge density waves. Proc. Natl. Acad. Sci. U.S.A. 100, 8634–8637 (2003), Copyright ©2003 National Academy of Sciences,
U.S.A.
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TAT’s eﬀect on actin activity enhance membrane deformation. We hypothesize that the bundling of actin
ĕlaments reduces the number of contact points and concentrates the forces between the polymerizing actin and
the membrane leading to observed membrane distortions (Figure 4.10 and Figure 4.11B-D), which is similar to
those observed for encapsulatedmicrotubules [178]. ese results indicate that the TAT peptide can enhancemem-
brane deformation and cytoskeleton reorganization necessary for endocytotic processes, even in aminimal cell-free
model. e striking morphological changes in the vesicle observed above may also explain the puzzling observa-
tion that addition of free TAT peptide enhances the transfection eﬃciencies of TAT-DNA complexes [179]. e free
TAT peptide can cross the membrane and induce membrane ruﬄing and blebbing which promotes internalization
of objects bound to the membrane surface.
A B
C
Figure 4.10 | Can we teach non-living vesicles how to perform macropinocytosis?
(A) Fastest TAT-induced behavior is “cytoskeleton” formation. Confocal micrograph of a GUV with membranes
comprising 40/40/20 PE/PC/PS, 0.5% PEG2000-PE and 5% ionophore (A23187). GUV interior has 7 μM G-actin,
4 μM rhodamine phalloidin and 100 mM glucose in pH 8.0 G-buﬀer. Lipids were visualized with 1% DiO (green).
Le panel: 12 mMMg2+ was added to the exterior, and the ionophores allowedMg2+ entry, thereby inducing actin
polymerization (visualized red with rhodamine phalloidin). Right panel: 37 μM TAT was introduced to the same
GUV-actin-Mg2+ system. TAT entered the GUV and condensed the dispersed F-actin network into a network of
tightly-packed F-actin bundles reminiscent of the cytoskeleton of a living cell.
(B, C) Examples of actin-GUV deformations aer 1-2 hour exposure to TAT. Rate of change is probably dependent
on the ratio of TAT to free actin that can still participate in cytoskeletal activity. (B) Example of major GUV de-
formation to give a ĕnger-like protrusion. Multiple GUVs may be involved. Le green channel (lipid) and middle
red channel (F-actin) are composed together in the rightmost panel. (C) Examples of dimple-like deformations in
actin-GUVs.
CPPs and AMPs have other potent modalities of disruptive activity beside pore formation. at CPPs
can interact with the actin cytoskeleton directly suggest an interesting comparison with AMPs. Many AMPs have
biological functions besides membrane permeation. For example, indolicidin [180], buforin [181], and tachy-
plesin [182] are also known to bind internal targets in bacteria such as DNA. In analogy to our arguments on CPPs,
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4.3. Results and Discussion
the amino acid composition criterion for generation of negative Gaussian membrane curvature underdetermines
AMP sequences [128], so they are also able to optimize their sequences to bind to highly cationic biopolymers, in
this case DNA rather than F-actin. When viewed in this way, CPPs are a special case of AMPs that specialize in
short lifetime pores and cytoskeletal interactions.
Figure 4.11 | TAT peptide can penetrate membranes and actively induce cytoskeletal actin response.
Scalebars are 10 μm. (A) Confocal micrograph of 40/40/20 PE/PC/PS GUV (labeled green with DiO) with 5% cal-
cium ionophore (glsA23187) and encapsulating 7 μM G-actin. Exposure to 8 mM Mg2+ diﬀusing into the GUVs
via the ionophores induced actin polymerization into F-actin networks (visualized red with rhodamine phalloidin)
without any accompanying vesicle deformation.
(B,C) Exposure to approximately 4 μM TAT peptide induced dimple instabilities on the membrane, and pro-
moted growth of F-actin bundles encapsulated within the GUV. (D) In certain cases, the F-actin bundles dis-
torted originally spherical vesicles to form sharp ĕlopodium-like protrusions reminiscent of membrane ruﬄing
and macropinocytosis.
(E) Cartoon showing a proposed autonomous pathway for TAT cellular transduction. TAT peptide can gener-
ate saddle-splay membrane curvature and enter through an induced pore, but large conjugate cargos cannot. e
TAT peptide interacts strongly with cytoplasmic actin to promote cellular uptake of anchored cargo via endocytotic
pathways.
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4.4 Conclusions
Because the amino acid composition requirements for strong CPP-cytoskeleton and CPP-membrane interactions
can be simultaneously satisĕed, the TAT peptide can multiplex interactions to eﬀect either direct translocation
through the membrane, or mediate endocytosis with or without receptors. We propose a general model for TAT
peptide-mediated cellular transduction (Figure 4.11E). e TAT peptide can bind to HSPGs, and get internalized
via normal endocytosis pathways. It can also interact with the membrane to generate saddle-splay curvature and
induce pore-like structures. If the cargo attached to the TAT peptide is small, it can be translocated directly. Car-
gos larger than a few nanometers do not get directly translocated but are anchored to the membrane by the TAT
peptide. e existence of strong TAT-actin interactions on the cytoplasmic side can remodel the cytoskeleton, thus
promoting alternate cellular uptake mechanisms like macropinocytosis.
As a last note, we have also tried to achieve a more authentic cell-free system by using actin-loaded GUVs that also
contain various actin-binding proteins (ABPs) whichwill alter the dominant actinmorphology (network vs bundle)
(Figure 4.11). Preliminary results look pretty but will need much more work.
Figure 4.12 | Introducing actin-binding proteins into the TAT-actin-membrane interaction picture. (D) Eﬀect of
actin linkers (ABPs) For 1:50 linker-to-actin ratio, actin linker proteins (0.2 μM α-actinin and 0.2 μMArp2/3 com-
plex) were loaded into GUVs (same lipid conditions as Figure 4.10) that also hold 10 μMG-actin in 50 mM sucrose
G-buﬀer. Confocal micrographs show evolution of the same GUV over ∼3 hours, under exposure to approximately
12 mMMg2+ and 12 μM TAT (local concentrations of ions around the GUV was likely lower).
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Chapter 5
The Mitochondrial Apoptotic Pathway:
Membrane curvature-mediated Interactions between Bcl-2 Proteins
Bcl-2 family proteins regulate apoptosis by mediating mitochondrial outer membrane permeabilization (MOMP) in
the intrinsic apoptotic pathway. However, a uniĕed mechanistic picture that integrates the essential non-passive role of
lipid membranes with how anti-apoptotic Bcl-xL turns oﬀ pro-apoptotic Bax-induced pores remains unresolved. Using
synchrotron x-rays and microscopy, we report that Bcl-xL suppresses not only Bax-induced pore formation, but also
membrane remodeling by cell-penetrating, antimicrobial and viral fusion peptides as well as bacterial toxins in cell-free
studies. We experimentally and theoretically validate an interactionmodel inwhich Bax and Bcl-xL induce antagonistic
Gaussian membrane curvatures to regulate pore formation. e universal nature of curvature-mediated interactions
allows synergy with direct protein-protein binding mechanisms1.
5.1 An introduction: Programmed Cell Death
ere is only one serious philosophical
problem. It is suicide. To judge whether
life is or is not worth living.
Albert Camus
Whereas single-cell organisms like bacteria survive by rapid propagation, multicellular organisms have evolved
self-demise mechanisms to remove infected, damaged or unwanted cells so that the whole can develop, survive and
reproduce better. e evolutionary advent of cell diﬀerentiation necessitated precise control of cell death as well
as division in order to keep neighboring cells interdependent and insure proper balance of diﬀerent cell types. In
plants, programmed cell death (PCD) is connected to development (xylogenesis, leaf/petal senescence), defense (hy-
persensitive response) and reproduction (self-incompatibility to avoid inbreeding during pollination). In animals,
PCD serve analogous roles (described later in detail) and can be classiĕed into three major modalities2: apoptosis
1 iswork has been submitted for review. We thank P. Purohit for early discussion, B. Hill for extensive feedback andD. Bong for providing
the gp41 fusion peptide derivative. We acknowledge microscopy resources at CNSI and synchrotron resources at SSRL, ALS and APS. G.
C. L. Wong, P. H. Schlesinger, L. K. Sanders, O. Ivashyna and G. H. Lai conceived the project. O. Ivashyna and E. Christenson puriĕed
and characterized the Bcl-2 proteins. G. H. Lai designed and performed experiments, assisted by A. Mishra and N. W. Schmidt. C. D.
Santangelo and K. Akabori conceived the theoretical model.
2 based on recommendations made by the Nomenclature Committee on Cell Death (in 2009 & 2011) [183, 184]
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Figure 5.1 | e three main forms of cell death in animals: apoptosis, autophagy and necrosis. A particular
mode of cell death may predominate depending on the stress/injury and cell type. Cross-talk between diﬀerent
cell death modalities exist, and other pathways (e.g. mitotic catastrophe, entosis and corniĕcation) are reviewed
elsewhere [184]. Reproduced with permission from [185] Hotchkiss, R. S. et al. Cell death. N. Engl. J. Med. 361,
1570–83 (2009). Copyright © 2009 Massachusetts Medical Society.
, autophagy and necrosis. Apoptosis (type I cell death) is the best characterized form of PCD. Autophagy (type
II cell death) allows a starving cell to generate energy and metabolites by digesting its own organelles and macro-
molecules, but nutrient deprivation over extended periods ultimately lead to autophagic cell death. Necrosis (type
III cell death) is traditionally considered an accidental (and traumatic) form of cell death, deĕned by the absence of
morphological traits of apoptosis or autophagy, that results from acute cellular injury.
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5.2. Apoptosis
5.2 Apoptosis
It is normal to give away a little of one’s
life in order not to lose it all.
Albert Camus
Apoptosis (a-po-toe-sis) was coined as a Greek transliteration (ἁπόπτωσισ) to describe the “falling oﬀ” of petals
from Ęowers, or leaves from trees [186, 187]. Essential for multicellular life, apoptosis is conserved from worm to
mammal. Without apoptosis, a person would probably carry 2 tons of bone marrow and lymph nodes, and a gut 16
km long by the age of 80 [188]!
Physiologic and Pathologic signiĕcance of Apoptosis. Every second, something on the order of onemillion
cells undergo apoptosis in our bodies just to balance those newly made through mitosis [189]3. During develop-
ment, apoptosis helps to sculpture the body, shape organs and carve out ĕngers and toes by removing unwanted
and/or toxic cells previously generated. Both the nervous system and the immune system arise through an initial
overproduction of cells, followed by programmed death of cells that fail to establish functional synaptic connec-
tions [195] or productive antigen speciĕcities [196], respectively. In the adult, senescent cells die and are replaced
by new ones to maintain tissue homeostasis. Apoptosis rids the body of pathogen-invaded cells, but also eliminates
auto-reactive immune cells at the end of an immune response. Additionally, apoptosis is involved in the removal of
inĘammatory cells during wound healing and scar tissue formation [197].
It is clear that apoptosis has to be tightly regulated. Several neurodegenerative disorders such as Alzheimer’s, Parkin-
son’s andHuntington’s diseases are characterized by inappropriate or excessive cell death. Excessive apoptosis is also
known to to the damage caused by inĘammation [198], muscular atrophy, myocardial infarcation (heart attack)
and stroke [199]. Conversely, dysfunctional apoptosis can lead to developmental defects, autoimmunity (ALPS)
and uncontrolled cell proliferation such as cancer [187, 200, 201].
Apoptosis is fast and clean. An important hallmark of apoptosis is the lack of inĘammation. When a cell dies by
apoptosis (over 20 times faster thanmitosis [188]), it leaves no trace behind. In contrast, cells dying by necrosis fea-
ture leakage and inĘammation. is lack of inĘammatory response is made possible because diﬀerent intracellular
and extracellular signaling pathways are engaged in a concerted interplay so that apoptotic cells are rapidly engulfed
3 e exact number is not known and diﬀerent huge numbers are thrown around, e.g. 10-100 billion per day [187, 190, 191]. However, we
can get a good estimate with neutrophils, the most common kind of white blood cells (50-80%), which have lifespans of less than two days
uponmaturity. Because a human adult carries ∼1.5×1010 neutrophils in the bloodstream, about 1010 neutrophils die each day [192–194].
e turnover of mucosal epithelium in the lungs and gut is also very high, so one million per second is an underestimate but in the right
ballpark.
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and degraded without a trace. Morphological features of apoptosis [183] include rounding-up of the cell, reduc-
tion of cellular volume (pyknosis), chromatin condensation, nuclear fragmentation (karyorrhexis), blebbing of the
plasma membrane (which maintains its integrity) and cell fragmentation into apoptotic bodies that are engulfed
by phagocytes and degraded by lysosomal enzymes (Figure 5.1)4. Switching to a molecular view of apoptosis, the
timely cellular suicide is executed by activation of cysteine proteases called executioner caspases, which dismantle
the cell by cleaving essential proteins at aspartate residues. Executioner caspases are normally inactive in the cy-
tosol of healthy cells and become activated when they are themselves cut by other proteases called initiator caspases.
ese, too, are inactive in healthy cells until two chains are bound together (dimerized) by adapter proteins to pro-
duce an active enzyme. To recruit phagocytes for cell clearance (reviewed in Nagata et al. [202]), apoptotic cells
release extracellular “ĕnd-me” signals in the form of LPA, an anionic phospholipid. In addition, PS, another anionic
lipid residing predominantly in the inner leaĘet of the plasma membrane, becomes exposed on the outer leaĘet in
a rapid, caspase-dependent manner. e extracellular exposure of PS serves as an “eat-me” or “bind-me” signal for
phagocytes to target the right cell during phagocytosis, and also trigger blood clotting by platelets [203]. Apoptotic
cells or phagocytes following interaction with them also actively promote an anti-inĘammatory response through
the production of a cytokine, transforming growth factor beta (TGFβ). TGFβ plays an important role in the gener-
ation of regulatory T cells, so any defects in apoptosis may lead to both immunodeĕciency and autoimmunity [204,
205].
Two major apoptotic pathways responding to diﬀerent signals in animals converge on the downstream activation
of caspases, namely the extrinsic (death-receptor) and the intrinsic (mitochondrial) pathways (See schematic in
Figure 5.2)5.
4 In contrast, plants do not exhibit ‘classic’ apoptosis because their rigid cell walls preclude the necessity for breakdown of plant cells into
apoptotic bodies and phagocytic cells do not exist.
5 I highly recommend Green’s book for a concise yet up-to-date treatment of apoptosis: [189] Green, D. R.Means to an end: apoptosis and
other cell death mechanisms. : 978-0-87969-888-1 (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N. Y., 2011). e
description of apoptosis in most biology text books tends to be limited and very dated.
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5.2. Apoptosis
Figure 5.2 | Schematic of the two apoptotic pathways6. (Le) In the extrinsic (death-receptor) pathway, ligation
of death receptors recruit the adapter protein FADDwhich activates initiator caspase-8, that in turn activates execu-
tioner caspase-3. (Right) In the intrinsic (mitochondrial) pathway, Bax/Bak permeabilize theOMmembrane under
regulation by other Bcl-2 proteins to release cytochrome c, which is incorporated into the apoptosome. e apop-
tosome activates initiator caspase-9 which in turn activates executioner caspase-3. Crosstalk between the pathways
is possible as caspase-8 cleaves Bid into cBid that goes on to activate Bax.
e death-receptor pathway of apoptosis. Also known as ‘extrinsic apoptosis’, the death-receptor pathway
is triggered when extracellular stress signals are sensed and propagated by speciĕc transmembrane receptors on
the cell surface. ese so-called “death receptors” bind to their respective “death ligands” to initiate a pathway
of downstream caspase activation and apoptosis distinct from the mitochondrial pathway. e death ligands are
members of the Tumor necrosis factor (TNF) superfamily and include TNF, CD95-ligand (CD95-L or Fas-L) and
6 Reproduced with permission from [185] Hotchkiss, R. S. et al. Cell death. N. Engl. J. Med. 361, 1570–83 (2009). Copyright © 2009
Massachusetts Medical Society.
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TNF-related apoptosis-inducing ligand, also called APO-2L (TRAIL); Receptors for these ligands are members of
the TNF receptor (TNFR) family. A prototypic signaling pathway is elicited by apoptosis stimulating fragment
(Fas)/CD95 ligation. When Fas/CD95 is bound by its ligand, the resulting conformational change exposes a con-
served 80-residue region called the “death domain” (DD) in the intracellular portion of the receptor that can now
recruit a small cytosolic adapter protein Fas-associated death domain (FADD). Clusters of ligated Fas/CD95 cause
clustering of FADD to form the supramolecular death-inducing signaling complex (DISC) that activates (dimerizes)
the initiator caspase, caspase-8, thereby setting oﬀ the caspase activation cascade. Most apoptosis in vertebrates,
however, occur by themitochondrial or intrinsic pathway.
e mitochondrial pathway of apoptosis: disruption of the OM membrane. In vertebrates, the mito-
chondrial or instrinsic pathway is activated in response to diverse intracellular stress signals and developmental
cues, including DNA damage, oxidative stress, cytosolic Ca2+ overload, unfolded protein response (UPR) in the
ER, viral infection and growth factor deprivation. When a cell is committed to death, the outer membranes of all
(or nearly all) mitochondria becomes permeable in a process called the mitochondrial outer membrane permeabi-
lization (MOMP). is results in the release of apoptogenic factors7 residing in the intermitochondrial membrane
space (IMS), including the heme protein cytochrome c. Normally, cytochrome c plays a central role in electron
transport and energy production within the mitochondria8, but it is highly toxic to the cell when not sequestered
away from the cytosol. Once in the cytosol, cytochrome c interacts with another adapter protein called apoptotic
protease activating factor 1 (Apaf1), and oligomerizes into a supramolecular complex that looks like a Ferris wheel,
known as the “apoptosome” (see Figure 5.2). e center of the apoptosome is able to recruit and activate the initiator
caspase, caspase-9, which in turn activates the executioner caspase, caspase-3.
MOMP is sudden, rapid and irreversible. Of note, extensive ĕssioning of mitochondria (mitochondrial fragmen-
tation) occurs almost simultaneously with MOMP in a caspase-independent fashion [208, 209]. Aer a cell is
primed for apoptosis, nearly all the mitochondria undergo MOMP with 5-10 minutes. Shortly aer this, the cas-
pases become active and apoptosis ensues. Surprisingly, MOMP does not compromise the integrity of the inner
mitochondrial (IM) membrane, so mitochondrial function is not destroyed, although electron transport is greatly
reduced due to the loss of cytochrome c. Eventually, executioner caspases gain access to the IM membrane and
completely disrupt mitochondrial physiology.
7 Apoptogenic factors released from the mitochondria are recently reviewed [206] by David Vaux, who made the seminal ĕnding in 1988
that the gene responsible for follicular lymphoma, bcl-2 promotes cell survival [207].
8 Cytochrome c is a nuclear-encoded protein that is synthesized in the cytosol and then transported into the mitochondrion.
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Table 2
Summary of lipid composition of various cellular organelles of mammalian liver cells and erythrocyte plasma membrane. Values are given in percentages
by mass of total lipids. (Source: Jamieson and Robinson, [4].)
Compartment Plasmamembrane Endoplasmatic Golgi Lysosome Nuclear Mito- Nerve Cells
human rat Reticulum Membrane chondria Neurons(5) Myelin(6)
Lipid erythrocyte liver
phosphatidyl-
cholin
20 18 48 25 23 44 38 48 11
phosphatidy-
ethanolamine
18 12 19 9 13 17 29 21 17
phosphatidyl-
serine
7 7 4 3 4 0 5 9
phosphatidyl-
inositol
3 3 8 5 6 6 3 7 1
sphingomyelin 18 12 5 7 23 3 0 4 8
cardiolipin — — — — ≈ 5 1 14 — —
glycolipid 3 8 traces 0 traces traces 3 20(7)
others 11 21(1) 10(2) 43(3) 16(4) 15 13 1 6
cholesterol 20 19 6 8 14 10 3 11 28
Footnotes: 1)These include 6% free fatty acid, 2.5% lyso PC, 2.5% cholesterol esters, 7% triglycerides.
2)These include 5% triglycerides.
3)These include 10% triglycerides, 18% free fatty acid and 5% cholesterol esters.
4)These include 3% triglycerides and 8% cholesterol esters.
5)Average lipid composition of rat brain neurons.
6)Bovin brain myelin.
7)Essentially ceramides.
Table 5.1 | Lipid composition comparison across various organelles of mammalian liver cells and erythocyte
plasmamembrane9. Values are given in mass%. Note the relatively high phosphatidyl ethanolamine (PE), very low
cholesterol and presence of cardiolipin (CL) in the mitochondria. For a comparison with bacterial membranes, see
Table 5.2 (page 67).
Mitochondria andCell Death: the connectionwith Bacteria. Before delving into the details ofMOMP reg-
ulation, it is enlightening to consider how mitochondria may have become involved in eukaryotic cell death. Aer
all, mitochondria are essential for nearly all eukaryotic life, providing not only energy via oxidative phosphorylation
(and tricarboxylic acid or Krebs cycle), but also lipid metabolism, Ca2+ homeostasis, and survivability in the toxic
world of oxygen [212]. Under endosymbiotic theory [213–215], precursors of themitochondria are thought to have
originated from α-proteobacteria invading (or being captured by) an archaeon cell two billion years ago when the
atmosphere changed from being reducing to oxidizing. Although a symbiotic relationship evolved with time, the
toxic potential of the electron-transport chain necessitated their sequestration within mitochondria; for this rea-
son, mitochondrial damage can kill the cell. In return, the cell protects itself by producing caspase inhibitors and
anti-apoptotic proteins. Both mitochondria and bacteria are surrounded by double membranes, and their mem-
branes share similar lipid composition (relatively high PE and little cholesterol [210], see Table 5.1 and Table 5.2).
9 Reproduced with permission from [210] E. & Sackmann. in Structure and Dynamics of Membranes (eds Lipowsky, R. & Sackmann, E.) 1–
63 (North-Holland, 1995). <http://www.sciencedirect.com/science/article/pii/S1383812106800187>. Copyright © 1995 Elservier
B. V.
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Table 4. Lipid composition and minimal inhibitory concentrations
(MICs) of the OAK C12K-7α8 against various species of bacteria
Species
%
CL
%
PG
%
PE
MIC
(µM)
Gram-negative bacteria (with PE)
Escherichia coli 5 15 80 1.6–3.1
Enterobacter cloacae 3 21 74 1.6
Yersinia kristensenii 20 20 60 1.6
Proteus mirabilis 5 10 80 6.2
Klebsiella pneumoniae 6 5 82 3.1
Pseudomonas aeruginosa 11 21 60 6.2
Gram-positive bacteria (no PE)
Staphylococcus aureus 42 58 0 50
Streptococcus pneumonia 50 50 0 50
Gram-positive bacteria (with PE)
Bacillus cereus 17 40 43 12
Bacillus polymyxa 8 3 60 6.2
MICs are significantly lower when PE is present in the cytoplasmic
membrane. CL and PG are anionic lipids, while PE is zwitterionic. Each
lipid is presented as the % of total lipids in the bacteria.
the binding of the CL-specific probe, 10-nonyl-acridine orange,
specified the location of the anionic lipid, CL. In addition to
these differences in bilayer thickness and CL content in different
regions of the membrane, application of polarized total internal
reflection fluorescencemicroscopy using the fluorescence probes,
1,1′-dieicosanyl-3,3,3′,3′-tetramethylindocarbocyanine as well as
10-nonyl-acridine orange, differences in the order of different
membrane domains were shown [23].
Requirements for Anionic Lipid Clustering
by Antimicrobial Agents
Theparticular interest in theabilityof cationic antimicrobial agents
to cluster anionic lipids in model membranes comes from the
observation that this feature can generally predict the bacterial
species specificity of the antimicrobial action.
It is generally appreciated that there are major difference in
themembrane organization and composition ofmembranes from
Gram-negativeandGram-positivebacteria.What is sometimes less
appreciated is that there aremajor differences in the phospholipid
composition in the cytoplasmic membranes of different bacterial
species and some of these differences determine the response
of Gram-positive and Gram-negative bacteria to antimicrobial
agents. For example, PE is generally more abundant in the
membranes of Gram-negative than Gram-positive bacteria [24].
However, there are some exceptions. For example, the Gram-
negative bacterial species Caulobacter crescentus has little PE
content, whereas many species of Gram-positive Bacillus or
Clostridium have some PE content (Table 4). PE is particularly
relevant to the mechanism of anionic lipid clustering. PE is the
most prevalent zwitterionic lipid present in bacterial membranes.
It was found that bacteriostatic action resulting from anionic lipid
clustering correlates with the segregation of anionic lipids from
zwitterionic or uncharged lipids (Table 4). Hence, in general agents
acting by the lipid clustering mechanism will be more toxic to
Gram-negative bacteria than to Gram-positive bacteria. However,
the correlation is to the lipid composition of themembrane, not to
whether the bacteria are Gram-positive or Gram-negative. Hence,
the exceptions of Gram-positive bacteria with high PE will also be
sensitive to the lipid clustering mechanism and this provides a
good test of the importance of the phenomenon to a particular
case (Table 4).
PE is not the only bacterial lipid present that is not anionic.
Several bacterial species have a significant content of other
zwitterionic or uncharged lipids. Gram-positive bacteria have
a thick layer of lipoteichoic acid that makes up the cell wall.
The membrane anchor of the lipoteichoic acid is glucosyl
diacylglycerol but by being incorporated into the lipoteichoic acid
results in glucosyl diacylglycerol not behaving as an uncharged
lipid component of the bacterial membrane. However, with the
species S. pyogenes, a high content of its membrane is glucosyl
diacylglycerols, a fraction of which is not incorporated into
lipoteichoic acid and acts as an uncharged lipid, making this
species susceptible to agents that cluster anionic lipids in the
presence of zwitterionic or uncharged lipids [22].
In addition to lipids common to most bacterial species, some
bacteria have other lipids including cationic lysyl-PG, aminoacyl-
PG, most of which are zwitterionic, as well as zwitterionic lysyl-CL.
The most common of these lipid species is lysyl-PG which is
a cationic lipid. At higher concentrations such cationic lipids
will prevent the binding of cationic antimicrobial agents to the
membrane and hence make the bacteria more resistant. This is
a known mechanism of acquired resistance of Staphylococcus
aureus [25,26]. However, in non-resistant strains of S. aureusmost
of the lysyl-PG is found on the cytoplasmic surface of the plasma
membrane. Resistance to antimicrobial agents occurs in those
strains of S. aureus in which the lipid is translocated to the
cell exterior by a mechanism facilitated by a membrane protein
[27,28]. Although the membrane sidedness of lysyl-PG in S. aureus
has been determined, in general, there is little information about
the sidedness of membrane lipids in bacteria.
An additional consideration is that the cationic antimicrobial
agent must access the cytoplasmic membrane of the bacteria
in order to promote lipid clustering that will be detrimental to
the bacteria. The outer membrane of Gram-negative bacteria can
act as a major barrier to reach the cytoplasmic membrane. In
the case of the oligo-acyl-lysine (OAK), C12K-7α8, the potency
against several species of Gram-negative bacteria was high
[15], indicating these agents were permeable to the outer
membrane. In contrast, permeability across the outer membrane
impacted the relative toxicity of some cationic amphipathic
helical antimicrobial peptides against E. coli. In some cases, outer
membrane permeability was directly tested using E. coli ML-35p
[29], a strain that was engineered specifically to simultaneously
probepenetrationacross the inner andoutermembranesofGram-
negative bacteria [30]. Some antimicrobial peptides, such as the
three nonapeptides we had studied, are less toxic than expected
against certain strains of Gram-negative bacteria [22] although
these peptides are capable of clustering anionic lipids. However,
these peptides are very potent against Gram-positive bacteria
that have a high concentration of zwitterionic or neutral lipids in
their membranes [22]. In accord with a lipid clusteringmechanism
we find a high ratio of minimal inhibitory concentration values
for certain agents against bacteria largely devoid of neutral or
zwitterionic lipids versus the minimal inhibitory concentration
values for the same agents against bacteria with a high content
of neutral or zwitterionic lipids in their cytoplasmic membrane
(Table 5).
wileyonlinelibrary.com/journal/jpepsci Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 298–305
Table 5.2 | Lipid composition of various species of bacteria. Note the high phosphatidyl ethanolamine (PE) and
cardiolipin (CL) levels. Reproduced with permission from [211] Epand, R. M. & Epand, R. F. Bacterial membrane
lipids in the action of antimicrobial agents. J. Pept. Sci. 17, 298–305 (2011). Copyright © 2010 European Peptide
Society and John Wiley & Sons, Ltd.
In particular, CL is a unique anionic glycerol-based phospholipid found in bacteria and exclusively conĕned within
mitochondria in eukaryotic cells [216].
MOMP regulation by Bcl-2 family proteins. e morphologic expression of apoptosis has a clear genetic
basis on the B-cell lymphoma 2 (Bcl-2) family of proteins, whose interactions regulate the pivotal step of MOMP10.
Based on their pro- or anti-apoptotic action and the number of conserved α-helical Bcl-2 homology (BH) regions,
Bcl-2 family proteins are divided into three subclasses. Anti-apoptotic proteins (e.g. Bcl-2, Bcl-xL, Bcl-w, Mcl-1
and A1) possess four BH (1-4) domains and prevent MOMP. Pro-apoptotic eﬀectors (e.g. Bax, Bak and Bok) and
anti-apoptotic regulators (e.g. Bcl-2, Bcl-xL, Bcl-w,Mcl-1 andA1) also display four BHdomains but instead disrupt
the OMmembrane leading to caspase activation11. In response to diverse cellular stresses, a larg third class f Bcl-2
distant cousins termed “BH3-only proteins” prom te apoptosis by regulating the ĕ st two groups. ese BH3-only
proteins (e.g. Bid, Bim, Bad, Bik, Puma and Noxa) share homology only thro gh a short BH3 mo f12. O her than
Bid, the predicted structures of B 3-only prot ins see to b unrelated and lack close evolution ry rela ion hip to
the core members of the Bcl-2 family (Figure 5.3).
10 Recent noteworthy reviews on Bcl-2 regulation include Youle & Strasser [217], Letai [218],Chipuk & Green [219] and Chipuk et al. [220].
11 Previously, the pro-apoptotic eﬀectors were originally described to contain only three BH (1-3) domains, whereas the BH4 domain was
only reported in anti-apoptotic (prosurvival) members like Bcl-2, Bcl-2-related protein long isoform, also known as Bcl-2-like protein
extra large, or Bcl-2-related protein 1 (Bcl2L1) (Bcl-xL) and Bcl-w [221]. e BH4 motif now refers to the recently described structural
motif (ϕ1ϕ2XXϕ3ϕ4 where X is any amino acid, ϕ is a hydrophobic residue, and ϕ3 is an aromatic residue) present in a wide range of
Bcl-2 proteins [222].
12 Only three amino acids in the BH3 domain are highly conserved across the core Bcl-2 family members and BH3-only proteins. e BH3
motif has the amino acid sequence LXXXGD, in which X represents any amino acid.
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BH3-only proteins in this process is undisputed (Chipuk and
Green, 2008). At least two of the BH3-only proteins, BID and
BIM, are capable of directly inducing effector function. The
active form of BID (discussed below) promotes BAK and BAX
oligomerization, MOMP, and cytochrome c release (Kuwana
et al., 2002; Wei et al., 2000). Similar evidence exists for BIM-
mediated BAK/BAX activation; and while PUMA was also
suggested to promote BAK/BAX activation, this effect may not
be direct (Chipuk et al., 2008; Kim et al., 2006; Kuwana et al.,
2005; Letai et al., 2002). The BH3 domains of BH3-only proteins
can be synthesized and represent the minimal unit of BH3-only
protein function (referred to as BH3 peptides). BID and BIM
BH3 peptides induce BAK and BAX oligomerization and pore-
forming activity with isolated mitochondria or large unilamellar
vesicles (LUVs, lipid vesicles that mimic the OMM) (Kuwana
et al., 2002, 2005; Letai et al., 2002).
Figure 1. The Mitochondrial Pathway of
Apoptosis and the BCL-2 Family
(A) Cellular stress causes transcriptional and post-
transcriptional regulation of the BCL-2 family to
promoteMOMP.MOMP is induced by interactions
between the BH3-only and effector proteins and
leads to cytochrome c release, APAF-1 recruit-
ment, and caspase activation. At the time of
MOMP (middle), the intact mitochondrial network
(green, left) undergoes fragmentation (gray, right),
and soon after the cell is disassembled. The mito-
chondria in the middle are enlarged from the white
box.
(B) The BCL-2 family is divided into antiapoptotic,
effector, and direct activator/sensitizer/derepres-
sor BH3-only proteins.
(C) The antiapoptotic BCL-2 protein binding
profiles for the BH3-only proteins.
The series of events leading to BID-
mediated activation of BAX has been
elucidated in vitro (Lovell et al., 2008).
BAX is soluble and undergoes activation
in the presence of a direct activator and
suitable membrane (e.g., the OMM or
LUV); this results in oligomerized BAX
and membrane permeabilization. The first step for BID-induced
BAX activation is the association of BID with a membrane, fol-
lowed by BAX recruitment, insertion, and oligomerization
(Figure 2B) (Leber et al., 2007). Binding between BID and BAX
has been difficult to study, but FRET analysis revealed the inter-
action in vitro (Lovell et al., 2008).
The interaction between BIM and BAX was demonstrated by
NMR (Gavathiotis et al., 2008). Several other proteins are
described to directly activate BAX, and it will be interesting to
determine if they utilize a similar mechanism. BAK and BAX
activation can also be triggered by nonprotein factors: e.g.,
mild heat, detergents, and high pH (Hsu and Youle, 1997; Khaled
et al., 2001; Pagliari et al., 2005). Whether or not these mecha-
nisms physiologically occur remains to be proven. However,
observations that BAK/BAX-dependent apoptosis proceeds in
the absence of BID and BIM argues that either direct activation
Figure 2. BCL-2 Family Composition and
Membrane Permeabilization
(A) The BCL-2 proteins are comprised of BCL-2
homology (BH) domains. A representation of an
antiapoptotic (BCL-2), effector (BAX), and BH3-
only (BID) protein is shown with the BH1-4 desig-
nated underneath the corresponding a helices.
(B) Proposed model of BAX activation. Soluble
BAX interacts with a direct activator and the
OMM to promote stable N-terminal exposure,
and BAX a5, a6, and a9 insert within the OMM.
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developmental cues or cytotoxic insults, such as viral 
infection, DNA damage and growth-factor deprivation, 
and is strictly controlled by the BCL-2 family of proteins. 
This pathway predominantly leads to the activation 
of caspase-9 (REF. 11) but, at least in certain cell types, 
the intrinsic pathway can proceed in the absence of 
caspase-9 or its activator, apoptotic protease-activating 
factor-1 (APAF1)12. 
The extrinsic or death-receptor pathway is triggered 
by ligation of so-called death receptors (members of 
the tumour necrosis factor (TNF) receptor family, such as 
Fas or TNF receptor-1 (TNFR1)) that contain an intra-
cellular death domain, which can recruit and activate 
caspase-8 through the adaptor protein Fas-associated 
death domain (FADD; also known as MORT1) at the cell 
surface. This recruitment causes subsequent activation of 
Figure 1 | Sequence alignment of core BCL-2 family proteins and BH3-only proteins. Green bars depictA-helical 
segments from the determined structures (when labelled by Protein Data Bank (PDB) identifier in parentheses) or from 
secondary structure prediction (as predicted using PSIPRED). Red lines label regions of predicted transmembrane (TM) 
domains (as predicted using TMHMM). Sequence homologies of the BH1 (brown lines), BH2 (grey lines), BH3 (blue lines) and 
BH4 (orange lines) regions are shown. The BH1, BH2 and BH3 domains fold to line a hydrophobic pocket that can bind BH3-
only peptides. The BH3 domain, particularly among the BH3-only proteins, mediates interaction between the BH3-only 
proteins and core BCL-2 family proteins and thereby promotes apoptosis. The upper five proteins (BCL-2, BCL-XL, BCL-W, 
A1 and MCL1) are generally anti-apoptotic. The three proteins in the shaded area are less well studied and cannot be 
categorized at this time. The lower 12 proteins are considered to be pro-apoptotic. MULE contains a ubiquitin-associated 
domain (UBA), the Trp-Trp-Glu interaction module (WWE) and a HECT ubiquitin ligase domain. BID has a unique role as both 
a BCL-2 homologue and a BH3-only protein and links the intrinsic and extrinsic apoptosis pathways (FIG. 2). BIM (also known 
as BOD), BAD and BMF are unstructured proteins.
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Figure 5.3 | Bcl-2 family structural composition13. Panel (A) cl-2 proteins are comprised of up to four Bcl-2
homology (BH) d ains. A representation of an anti-ap ptotic protein ( cl-2), pro-apoptotic eﬀector (Bax), and
BH3-only protein (Bid) is shown with the BH1-4 designated underneath the corresponding α-helices. Panel (B)
Sequence alignmen of core cl-2 family pro eins and BH-3 only proteins o illustrate the diversity of the BH3-
only subfamily. Green bars denote α-helical segments from determined structures (PDB indentiĕer in parentheses)
or from secondary structure prediction. Sequence homologies of the BH1 (brown lines), BH2 (grey lines), BH3
(blue lines) and BH4 (orange lines) regions are shown. Note that the BH4 motif has been redeĕned [222] so that
proapoptotic eﬀectors like Bax and Bak, which are shown in (B) without BH4 domains, now do possess them (see
Panel (A)).
13 Panel A eproduced with permission from [220] Chipuk, J. E. et al.e BCL-2 family reunion.Mol. Cell 37, 299–310 (2010), Copyright
© 2010 Elsevier.
Panel B reproduced with permission from [217] Youle, R. J. & Strasser, A. e BCL-2 protein family: opposing activities that mediate cell
death. Nat. Rev. Mol. Cell Biol. 9, 47–59 (2008), Copyright © 2008 Macmillan Publishers Ltd.
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Simpliĕed picture of Bcl-2 regulation with three core proteins. Consider only Bax (pore former), Bid
(activator) and Bcl-xL (inhibitor). e pro-apoptotic eﬀector Bax is normally inactive and resides in the cytosol or
is loosely attached tomembranes, with its BH3 pocket occupied by its C-terminal transmembrane helix [223]. Upon
activation by caspase-8-cleaved Bid (cBid), Bax translocates to the OMmembrane where it inserts, undergoesmajor
conformational changes and oligomerizes into putative supramolecular pores that release cytochrome c from the
IMS into the cytosol to initiate the caspase cascade. Anti-apoptotic Bcl-xL inhibits apoptosis by preventing MOMP
and is prominent in oncogenic transformation. In the old rheostat model, anti-apoptotic Bcl-2 proteins sequester
active Bax and Bak through direct binding, and their stoichiometry dictate cellular commitment to apoptosis. e
BH3 domain of Bax can bind to a so-called BH groove in Bcl-xL formed from α-helices containing its BH1, BH2
and BH3 domains.
Role of anti-apoptotic Bcl-2 family proteins in tumorigenesis. Deregulated expression of anti-apoptotic
Bcl-2 family proteins is a common feature in many human cancers. Overexpression of these prosurvival proteins
not only promotes tumorigenesis, but subsequently confers therapeutic resistance to traditional cytotoxic anticancer
drugs (reviewed in Kelly & Strasser [224] and Adams & Cory [225]). Strategies that target the hydrophobic BH3-
binding groove of these anti-apopototic Bcl-2 family proteins in an attempt to reinstate an eﬀective apoptosis path-
way therefore hold signiĕcant therapeutic promise in oncology. Concerted eﬀorts have focused on synthetic BH3
domain peptides and small molecular mimics that antagonize anti-apoptotic Bcl-2 proteins like Bcl-xL.e former
has limited eﬀectiveness and the latter has proven diﬃcult, since the protein-protein interaction interface of Bcl-xL
is quite wide and shallow, with primarily hydrophobic and very few polar interactions, thusmaking it diﬃcult to ĕnd
anchor points for ligands [226]. Many blockers of Bcl-xL discovered to date are primarily hydrophobic and higher
in molecular weight than those generally synthesized as drugs, which may lead to unexpected side eﬀects. For
example, a promising drug candidate ABT-737 (from Abbott laboratories) binds tightly to blood albumin [227].
In addition, although synthetic BH3 domain mimics can target speciĕc anti-apoptotic members, most cells have
more than one anti-apoptotic Bcl-2 protein, so it is necessary to separately neutralize all the diﬀerent proteins. is
inevitably requires a cocktail of inhibitors with unpredictable side eﬀects. Nonetheless, the motivation for under-
standing exactly how BH3-mediated interactions work is clear.
Direct binding picture incomplete. As always, things are not so simple. Even the 3-protein Bax-Bid-Bcl-
xL picture above has not been fully understood, and the exact nature of BH3-mediated protein-protein interac-
tions among Bcl-2 proteins remains contentious. Interestingly, the BH3 domains of Bax and Bak are not exposed
in native proteins: conformational change induced by detergent, for instance, is necessary before binding occurs.
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Nevertheless, healthy cells tolerate relatively high levels of cytosolic Bax and/or Bak without these proteins being
co-localized with or constitutively bound to anti-apoptotic members. BH3 binding is also speciĕc. Bcl-2 antago-
nist killer (Bak)’s BH3 domain binds very well to the BH groove of Bcl-xL and Myeloid cell leukemia 1 (Mcl-1),
but much less eﬀectively to Bcl-2. Conversely, Bax’s BH3 domain binds very well to Bcl-xL and Bcl-2, but poorly
to Mcl-1. e surprising observation is that despite poor binding, Mcl-1 can block Bax-mediated apoptosis very
well, and likewise for Bcl-2 versus Bak-mediated apoptosis. us direct binding between pro-apoptotic eﬀectors
and anti-apoptotic regulators cannot tell the whole story: some additional regulatory mechanism independent of
sequestration may be needed. It has been acknowledged that measured solution in vitro aﬃnities between Bcl-2
proteins do not translate well to in vivo activity in the mitochondrial membrane environment. Additionally, direct
binding between Bax and BH3-only proteins is not readily apparent [219, 228–230]. Bid was found to activate Bax
independently of stoichiometric ratio, suggesting that Bid has a catalytic function [231], and its transient interaction
with Bax in vitro was recently studied with FRET [232].
Due to these unresolved issues, how BH3-only proteins provoke activation of Bax and Bak remains controversial.
ere are two major camps of thought [219]. e “direct activation model” postulates that Bid, Bim and possibly
Puma can directly activate Bax/Bak [233], but are sequestered by anti-apoptotic Bcl-2 proteins in healthy cells. Cy-
totoxic stimuli up-regulate or activate “sensitizer” (also called “de-repressor”) BH3-only proteins (e.g. Bad, Bik and
Noxa) that displace the “activators” by binding to the anti-apoptotic proteins instead. Once liberated, the “activa-
tors” transiently engage and activate Bax/Bak [218]. In comparison, the “indirect” or “neutralization model” [230]
postulates that a small proportion of Bax/Bak is already primed to elicit apoptosis, but are sequestered by anti-
apoptotic Bcl-2 proteins. e role of BH3-only proteins here is to bind to all anti-apoptotic proteins so that Bax/Bak
can be unleashed for death duty. Although the distinctions between these models are hotly contested [234], it is
likely that both models may occur under diﬀerent circumstances. Diﬃculties elucidating intra-membrane binding
partners, and tracking protein conformation aer membrane insertion and putative oligomerization have hindered
eﬀorts to explain how Bax speciĕcally disrupts the OM membrane, how Bcl-xL blocks Bax activity, and whether
BH3-only proteins activate Bax directly or indirectly.
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Figure 5.4 | Bcl-2 family proteins show structural homology to bacterial toxin pore-formingdomains. Representative protein structureswith PDB identiĕers
in parentheses. e top row gives a “side” view to highlight the common helix-hairpin-helix motif surrounded by amphipathic helices. Core hydrophobic
helices are blue, amphipathic helices grey and the BH3 domain yellow. Bottom row rotates the view by 90° to project through the central helices and highlight
the structural similarities. From le to right, (1) Pore-forming domains of bacterial toxins: (a) colicin A (1COL); (b) diphtheria toxin (DT) (1DDT). (2)
Bcl-2 family anti-apoptotic members: (c)Mcl-1 (1WSX); [Uniprot Q07820]. (d) Bcl-2 (1G5M); [Uniprot P10415], and (e) Bcl-xL; Continued next page in
Figure 5.5.
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Figure 5.5 | Bcl-2 family proteins show structural homology to bacterial toxin pore-forming domains (continued from Figure 5.5). (e) Bcl-xL (1MAZ),
with the long unstructured loop between α1 and α2 (amino acids 28-80) in Bcl-xL omitted; [Uniprot Q07817]. (3) Bcl-2 family apoptotic pore-formers: (f)
non-activated Bax (1F16). e Ęexible N-terminal 12 residues are omitted for clarity. Bax groove harbors the C-terminal transmembrane helix α9 (green)
while in cytosolic form; [Uniprot Q07812]. (f) non-activated Bak (2YV6), with α9 is omitted; [Uniprot Q16611]. (4) BH-3 only member: (g) Bid (2BID),
with the large unstructured loop region (amino acids 43-77) omitted. Helices α6 and α7 of Bid correspond to α5 and α6 of Bax; α2 of Bid not found in Bax;
α9 of Bax not found in Bid; [Uniprot P55957].
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Bacterial pore-forming toxins as a model. e model of Bax or Bak pore formation has its roots in the de-
termination of the 3D structure of Bcl-xL by Muchmore et al. [235], who noted its structural similarity to bacteria
pore-forming toxins, in particular certain colicins and the translocation domain of diphtheria toxin (DT). Colicins
are weapons produced by Escherichia coli (E. coli) to reduce competition from other bacterial strains. By making
holes in the cytoplasmic membrane, colicins induce membrane depolarization, leading to dissipation of cellular
energy and ultimately cell death [236, 237]. Likewise, DT is secreted by Cornynebacterium diphtheriae (C. diph-
theriae) for bacterial pathogenesis. Low pH triggers a conformational change in the translocation domain of DT
that exposes its hydrophobic residues for membrane insertion [238]. Among these bacterial toxins, the encasement
or “cloaking” of two hydrophobic helices by surrounding amphipathic helices allows the proteins to switch from a
water-soluble form to a membrane-inserted pore form aer undergoing a conformational change. Consistent with
this structural resemblance, Bax triggered vesicular leakage at both neutral and low pH, and even anti-apoptotic
members like Bcl-2 and Bcl-xL were found to porate vesicles at low pH [239–241]. Other core members of the
Bcl-2 family were later determined to have similar 3D structures. (see Figure 5.4 and Figure 5.5 for comparisons
of Colicin A and DT’s pore forming domain with the core Bcl-2 family proteins). Despite an overall divergence
in amino acid sequences and function (pro-apoptotic versus anti-apoptotic), they share the common motif of a
hydrophobic helix-turn-helix hairpin Ęanked by six or seven amphipathic α-helices [209, 242, 243].
Proteinaceous versus lipidic pores. Since Bcl-2 family proteins comprise mainly α-helical segments that, un-
like β-sheets, cannot hydrogen-bond side-by-side into a stable oligomerized pore assembly amenable to structural
studies via crystallization, the nature of the Bax/Bak pore is still under debate. Bax and Bak are oen grouped into a
wide class of α-helical pore formers that include antimicrobial peptides (AMPs) like alamethicin, melittin andmag-
ainin. Biophysical studies suggest two possible poremodels for α-helical pore formers (Figure 5.6). e barrel-stave
model closely resembles the proteinaceous pores made by β-sheet pore formers: proteins form a barrel-like pore
that spans the bilayer and the pore lumen is lined by peptides inserted perpendicularly in themembrane. In the case
of lipidic (also called toroidal) pores, insertion of peptides/proteins triggers lipid monolaer bending such that the
outer and inner leaĘets of the membrane remain continuous. e pore is lined by both peptides/proteins and lipid
head groups. In the latter model, if lipids are involved in pore formation, small oligomers (e.g. the α5 peptide of
Bax [244, 245]) could be suﬃcient to induce the formation of lipidic pores. Futhermore, lipid participation would
imply that surrounding lipids can orchestrate to either stabilize or destabilize the lipidic pore, which would have a
radius aﬀected by the lipid composition as well as the ratio of peptide/proteins to lipids.
e Bax lipidic pore model has received strong support from recent studies [244–247]. Importantly, cryo-electron
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detect large Bax (and Bak) oligomers in apoptotic cells, the size of
the functional pore and whether pores can adopt several sizes
remain unclear.
A peptide corresponding to the Bax α5/α6 hairpin could form
pores in liposomes, although larger pores were formed by full-length
Bax [99]. This raises the possibility that Bax permeabilizes the OM in a
step-wise fashion, where α5/α6 insertion forms ion channels and
subsequent oligomerization forms protein pores. Consistent with this,
Andrews et al. [64] found that Bax inserted the α5/α6 hairpin prior to
oligomerization and that activated Bax caused limited membrane
permeability that increased over time to allow passage of high
molecular weight proteins [100].
5.4. Proteinaceous or lipidic pore?
Biophysical studies suggest two predominant mechanisms by
which α-helical proteins or peptides form pores: proteinaceous
(barrel-stave) and lipidic (toroidal) pores (reviewed in reference
101). Here, we brieﬂy describe the two pore types as formed by
α-helical pore-forming peptides (e.g. alamethicin, melittin, and
magainin) and compare them to pores formed by Bax and Bak.
5.4.1. Proteinaceous (barrel-stave) pores
The prototypical proteinaceous pore is based on the pores
generated by the alamethicin 21 residue peptide (produced by the
fungus Trichoderma viride). The helices align closely in the bilayer so
that protein forms the solvent-exposed surface of the pore (Fig. 6A).
Proteinaceous pores generally exhibit single conductance and due to
their inherent instability are limited to less than 10 peptides with a
pore diameter of approximately 2 nm. Alamethicin pores, for
example, comprise 5–10 peptides with a pore diameter of 1.8 nm
[102], which is too small to trafﬁc proteins releasedwith cytochrome c
during apoptosis. However, it remains possible that full-length
proteins may form stable oligomeric complexes and thus larger
pores. It is interesting to note that a dodecameric barrel-stave
complex is evident in the crystal structure of the cytolysin A pore,
currently the only structure of a membrane-inserted α-helical pore-
forming toxin [103].
5.4.2. Lipidic (toroidal) pores
These pores are formed by melittin (from bee venom) and
magainin (from Xenopus laevis skin) [104]. Prior to pore formation,
the amphipathic peptides lie on the membrane surface and once at a
certain concentration increase surface tension to invaginate the
membrane so that the outer leaﬂet of the membrane is continuous
with the inner leaﬂet. Thus, the solvent-exposed surface of the pore is
lined by lipid headgroups as well as by protein (Fig. 6B). Lipidic pores
are stable due to intercalated lipid reducing the impact of charge–
charge repulsion between adjacent peptides. As a consequence, lipidic
pores can be larger than barrel-stave pores and can increase in
diameter [101]. A deﬁning characteristic of lipidic pores is their
promotion by positive membrane curvature, such as that induced by
non-lamellar lipids [105]. In addition, membrane invagination
accommodates shorter helices lining the pore. Accordingly, colicin
may form a lipidic rather than a proteinaceous pore as its channel
activity is enhanced by positive membrane curvature [106] and its
central helices are relatively short.
5.4.3. Does Bax form a proteinaceous or lipidic pore?
Based on the above criteria, the membrane-inserted α5/α6
hairpin of Bax [64] could self-associate to form either proteina-
ceous or lipidic pores. Although a barrel-stave assembly of Bax
molecules was proposed for the MAC in mitochondria isolated
from apoptotic cells [95], Bax pores formed in planar lipid bilayers
and liposomes have characteristics of lipidic pores. Firstly, Bax
formed channels with variable conductance states [107]. Secondly,
at physiological pH the α5/α6 hairpin of Bax (and of Bak) has a
net positive charge, less compatible with barrel-stave pores that
are largely restricted to peptides of neutral charge. Thirdly, lipids
that induce positive membrane curvature promote Bax pore
formation [108,109]. Finally, lipidic pores can expand to actually
destabilize the lipid bilayer, which would allow efﬂux not just of
cytochrome c but of the larger proteins known to cross the OM
during apoptosis [107,109]. As Bcl-xL does not cause lipid
destabilization in planar lipid bilayers [107], it is intriguing to
speculate that the propensity of Bax but not Bcl-xL to self-
associate is directly related to membrane destabilization of the
mitochondrial OM.
Elegant structural studies are beginning to throw some light on
how Bax and Bak associate with, and insert into, model membranes.
According to X-ray diffraction in a multiple lipid bilayer system, the
Bax α5/α6 hairpin forms lipidic pores up to 5 nm in diameter [110].
This may be a conservative estimate as in liposomes, the Bax α5/α6
peptide formed pores over 11 nm in diameter, and full-length Bax
protein formed even larger pores [99,109]. Thus, several liposome
studies imply a Bax lipidic pore.
Whether Bax and Bak homo-oligomerization and pore formation
is encouraged at speciﬁc sites in the OM is unclear. Association of Bax
and Bak with components of the mitochondrial ﬁssion/fusion
machinery suggests their selective recruitment to ﬁssion/fusion
sites in the OM [111]. The precise role of mitochondrial ﬁssion and
fusion in apoptosis is controversial and discussed by Martinou et al.
in this issue.
6. Perspectives
These two fascinating proteins, Bax and Bak, are just beginning to
divulge their secrets. A major challenge is to obtain structures of the
activated Bax and Bak as monomers, homodimers, heterodimers, and
higher order oligomers, preferably of full-length proteins within
membranes. Obtaining structures of membrane-integrated complexes
may be technically challenging if the lipidic pore model holds.
Nevertheless, even one or two structures of the activated proteins in
their non-membrane-integrated forms would allow more informed
functional studies to interrogate the apparent multiple steps involved
in Bax and Bak activation, including translocation, membrane
insertion, and oligomerization. Another challenge is to understand
the role of the mitochondrial outer membrane itself, in particular the
lipid components, in each step of Bax and Bak function. A combination
of biochemical and structural approaches as well as new emerging
Fig. 6. Two mechanisms by which Bax and Bak oligomers might porate the
mitochondrial outer membrane. (A) In the barrel-stave model, α-helical peptide
“staves” align to form a barrel-like pore that spans themembrane. Peptides are adjacent
to the lipid acyl chains. (B) In the toroidal pore model, α-helical peptides induce
membrane curvature such that the outer and inner leaﬂets are continuous. Peptides are
adjacent to the lipid headgroups.
8 D. Westphal et al. / Biochimica et Biophysica Acta xxx (2011) xxx–xxx
Please cite this article as: D. Westphal, et al., Molecular biology of Bax and Bak activation and action, Biochim. Biophys. Acta (2011),
doi:10.1016/j.bbamcr.2010.12.019
Figure 5.6 | Two proposed mechanisms for membrane poration. (A) Barrel-stave (proteinaceous pore) model:
α-helical peptide “staves” align to form a barrel-like pore that spans the bilayer. Peptides are adjacent to the lipid
tails (acyl chains). (B) Toroidal (lipidic) pore model: α-helical peptides induce membrane curvature such that the
outer and inner lealets remain continuous. Peptides are adjacent to the lipid headgroups. Reprinted from [249]
Westphal, D. et al. Molecular biology of Bax and Bak activation and action. Biochim. Biophys. Acta 1813, 521–31
(2011), Copyright © 2011 with permission from Elsevier.
microscopy revealed that the edges of Bax-induced pores were devoid of protein, suggesting incompatibility with
the purely proteinaceous pore model [231, 248].
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in red pseudocolor. Images were captured with an Optronics
DEI-750 video camera and manipulated in Adobe PHOTO-
SHOP 3.0.
Three-dimensional image reconstruction of fluorescence
was performed with a Delta Vision wide-field optical section-
ing microscope (Applied Precision, Issaquah, Wash.) equipped
with a 100! oil-immersion objective and visualized with a
cooled charge-coupled device camera and a FITC filter set.
Z-axis optical sections were taken at 0.1-"m intervals for a
total of 20 sections. Deconvolution of raw data was performed
with five rounds of integration.
Microscopy of NAO-stained E. coli cells. It was previously
shown that NAO at a nanomolar concentration stained mito-
chondria in intact yeast and mammalian cells without inhibi-
tion of their functions or disruption of crista structures (7, 16).
In our study, NAO at 100 to 200 nM in the growth medium
resulted in staining of AD90/pDD72 (wild-type phospholipid
composition, 83% PE, 12.7% PG, 3% CL, less than 0.3% PA)
and AD90 (containing only anionic phospholipids, 63% PG,
13% CL, and 8% PA) (5), without any noticeable influence on
their growth rates (data not shown). Figure 1A shows staining
with NAO of living AD90 cells completely lacking amino-
FIG. 1. Staining of living AD90 filamentous cells with NAO. Cells were grown in LB medium supplemented with 50 mM MgCl2. (A) NAO was added to the cells
in the exponential phase of growth, and pictures were taken after 1 h of incubation with the dye. (B) A part of filamentous AD90 cell at a higher magnification is shown.
Bars, 2.5 "M. Exposure time, 0.25 s.
FIG. 2. Deconvoluted images of an optical section of an AD90 cell. Cells were stained as described in the legend to Fig. 1. (A and B) Excitation was at 490 nm,
and emission was at either 528 (A) or 617 (B) nm. Bar, 2.5 "M. Exposure time, 0.5 s. (C) Colocalization of green and red fluorescent domains.
FIG. 3. Staining of living ADC/pDD72 (A), HDL11 (B), and E614 (C) cells with NAO. Cells were grown in LB medium supplemented with cephalexin and stained
with NAO. Bars, 2.5 "M. Exposure times, 2 (A) and 1 (B and C) s.
FIG. 4. Staining of living AD90/pDD72 cells with NAO. (A to F) Individual AD90/pDD72 cells. (G and H) Deconvoluted images of an optical section of an
AD90/pDD72 cell. Excitation was at 490 nm and emission was at either 528 (G) or 617 (H) nm. (I) Three-dimensional picture of an AD90/pDD72 cell stained with
NAO obtained by reconstruction of deconvolved optical sections. The same cell is shown at three different angles of rotation. Bars, 2.5 "M. Exposure time, 1 s.
FIG. 5. AD90/pDD72 (A to C) and AD90 (D) cells stained with NAO and DAPI. Panels A and B show the same cell stained with NAO and DAPI, respectively.
Panel C shows the overlay of the images in panels A and B. Panel D shows the overlay of NAO and DAPI staining. Stains, NAO (green) and DAPI (red). Bar, 2.5 "M.
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derivative of pSC101 (46), and was expressed in SD9 cells. The
cells harboring clsA on plasmid pMMS1 contained CL (4.6%
of the total phospholipid) after induction by addition of L-
arabinose. The cells harboring ywjE on pMMS2 contained CL
that accounted for 2% of the total lipid. The ywjE gene was,
therefore, active in CL synthesis. In the cells harboring ywiE on
pMMS3, however, we did not detect CL (less than 0.1% of the
total phospholipid). When the cells harboring each of these
paralogues were incubated at 42°C, expression of clsA and
ywjE complemented the temperature-sensitive growth of SD9
cells, although ywjE did this very weakly; however, expression
of ywiE did not. The ywiE gene may therefore be inactive in CL
synthesis.
To clarify the possible contribution of ywjE and ywiE to CL
synthesis, we constructed multiply disrupted mutant strains
and examined their lipid compositions by 14C labeling. The
drug resistance genes spc and neo were inserted into the
unique HindIII site in ywjE and the XbaI site in ywiE, respec-
tively, to construct ywjE1::spc and ywiE2::neo alleles. The dis-
rupted alleles were successively introduced into BFS219
(clsA::pMutin), and multiply disrupted mutant strains were
constructed. The triply disrupted mutant, designated SDB206
(clsA::pMutin ywjE1::spc ywiE2::neo), was examined in the
studies described below.
Lipids were extracted by the perchloric acid method that was
described previously for efficient extraction of CL from sporu-
lating B. subtilis cells (26) from SDB206 and BFS219 cells
cultivated in DSM containing [1-14C]acetic acid, and the CL
contents of the mutants were examined after two-dimensional
TLC on silica gel plates. The results of this lipid extraction
analysis indicated that both of the mutant strains contained CL
in the sporulation phase (Table 2). The clsA-disrupted mutant
cells contained CL (0.3% of the total lipid at T4), although in
the exponential growth phase the level was below the detection
limit. Note that even in the triply disrupted mutant cells CL
accounted for 0.2 and 0.3% of total lipid at T2 and T4, respec-
tively.
To confirm the presence of CL in sporulating cells of these
mutants, we obtained mass spectra of the fraction that eluted
from the CL spot on a TLC plate. The region at mass/charge
FIG. 1. Staining of wild-type B. subtilis cells with NAO. Wild-type B. subtilis 168 cells were cultivated in DSM. The cells were harvested during
exponential and in the sporulation phase (at T2and T4) and stained with 100 nM NAO (Molecular Probes) for 20 min at room temperature to
visualize CL. Fluorescence images of exponential-phase cells (A) and of sporulation-phase cells at T2 (B) and T4 (C) were taken by using the
GFP(R)-BP filter unit (excitation at 460 to 500 nm and emission at 510 to 560 nm) as described in Materials and Methods. Corresponding
phase-contrast images (D, E, and F) are also shown. The exposure times used for the fluorescence and phase-contrast images were 0.3 and 0.02 s,
respectively. The single arrow indicates a sharp fluorescent band in the center of a cell. Two-fluorescent-dot structures in a cell center are indicated
by a pair of arrowheads. Regions of NAO-stained nascent poles in cells that just separated are indicated by pairs of arrows.
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Figure 5.7 | Cardi lipin-ri h domains around septal regions and poles in bacteria14. (Le) Filamentousmutant of
E. coli bacteria (AD90/pDD72), with cardiolipin (CL) (green) and nucleoids (red) visualized with NAO and DAPI
stains. Panels (A-C) show the same cells; (C-D) show both NAO and DAPI channels overlaid together. Scalebar 2.5
μm. Reproduced with permissio from [250] Mileykovskaya, E. & Dowhan, W. Visualization of phospholipid do-
mains in Escherichia coli by using the cardiolipin-speciĕc Ęuorescent dye 10-N-nonyl acridine orange. J. Bacteriol.
182, 1172–5 (2000). Copyright © 2 00 American Soc ety for Microbiology. (Right) Wild-type B. subtilis during
exponential phase with CL visualized with NAO. Fluorescence (E) and phase contrast (F) images of the same cells
show that CL is co centrated around constriction sites where division happens (see arrows).
Reproduced with permission from [251] Kawai, F. et al. Cardiolipin domains in Bacillus sub ilis marburg mem-
branes. J. Bacteriol. 186, 1475–83 (2004). Copyright © 2004 Amer can Society for Micro iology.
e mitochondrial membrane has a non-passive role. Other than the evidence for lipidic pores, several
lines of research have suggested a non-passive role for the OM membrane during apoptosis. Membrane-induced
conformational changes are required for Bcl-2 protein-protein interactions to occur, and the BH3-only activator
cBid speciĕcally targets the unique anionic lipid, c rdioli in (CL) [232, 248, 253, 254]. CL has four acyl groups
and two phosphate moieties16 (somewhat like two PG lipids stapled together), and shares a single electron d lo-
calized between the two phosphates [258]. CL is concentrated mainly at highly curved mitochondrial contact sites
(∼24 w% or ∼15 mol%) that connect the outer mitochondrial (OM) (∼3 mol%) to the IMmembrane (∼10 mol%)17.
e monolayer spontaneous (intrinsic) curvature (c0) of CL is tunable (c0 ∼ 0 with monovalent cations, and c0 < 0
with divalent cations like Ca2+ and Mg2+) [262–264], unlike the other representative lipids (neutral for DOPC and
14
15 Copyright © 2002Karbowski et al.Originally published in Karbowski,M. et al. Spatial and temporal association of Baxwithmitochondrial
ĕssion sites, Drp1, and Mfn2 during apoptosis. J. Cell Biol. 159, 931–8 (2002) [252]
16 Recent reviews on CL include [216, 255, 256]. A succinct description of CL and its functional roles in bacteria and mammals can also be
found in [257].
17 Ardail et al. [259] made early authoritative studies of mitochondrial CL content (in mass%). Recent lipidomics (in mol%) matched the
early measurements [260, 261]. Gebert et al. [260] conĕrmed that only 25% of all mitochondrial CL was located in the OM membrane.
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striction sites, separating elongated mitochondria into sev-
eral shorter units (Fig. 1 A, arrowheads). Similar results were
obtained in the presence and absence of the broad specificity
caspase inhibitor zVAD-fmk, indicating that Bax transloca-
tion and foci formation are early apoptotic events, upstream
of caspase activation. The same results were obtained with
STS-treated Cos-7 cells (Fig. 1 B) and HeLa cells (unpub-
lished data) cotransfected with CFP-Bax and mito-YFP.
The submitochondrial localization of complexes of endog-
enous Bax (Fig. 1 C) or overexpressed CFP-Bax (Fig. 1 D) at
tips and constriction sites of mitochondria was also detected
by electron microscopy of apoptotic Cos-7 cells. Although
the localization of Bax to mitochondrial scission sites was
not previously recognized, examination of previously pub-
lished electron micrographs (Nechushtan et al., 2001) re-
veals that both endogenous and overexpressed Bax localize
to mitochondrial tips in Fig. 2, D and E, and constriction
sites in Fig. 2, D and I, of that paper.
We examined the time sequence of Bax foci localization
during mitochondrial scission events. HeLa (Fig. 2, A and B)
and Cos-7 (Fig. 2 C) cells were cotransfected with CFP-Bax
and mito-YFP constructs, treated with STS and analyzed by
confocal microscopy over time. CFP-Bax clusters became de-
tectable between 60–120 min after addition of STS, immedi-
ately preceding major changes in the morphology of mito-
chondria (Fig. 2, A and B). In most cases Bax coalesced at
sites where mitochondrial scission subsequently occurred, al-
 
though some sites of Bax coalescence did not sever in the
time frame examined (Fig. 2, B and C). However, all produc-
tive scission events had CFP-Bax aggregates associated with
them (Fig. 2, A–C). In those instances in which the severed
mitochondria moved apart, CFP-Bax clusters remained at-
tached to both tips of the newly formed organelles at the scis-
sion site (Fig. 2 C). These observations suggest that Bax may
participate in the severing of mitochondria that occurs dur-
ing apoptosis. Consistent with this model, Bcl-X
 
L
 
 inhibited
STS-induced clustering of Bax on mitochondria (Nechush-
tan et al., 2001), mitochondrial fragmentation (unpublished
data), and apoptosis (Boise et al., 1993).
 
Effect of Drp1
 
K38A
 
 on Bax dynamics in apoptotic cells
 
The dominant negative inhibitor of Drp1, Drp1
 
K38A
 
, was
shown to inhibit the mitochondrial fragmentation occurring
during apoptosis induced by various stimuli (Frank et al.,
2001). We explored the effect of Drp1
 
K38A
 
 on Bax transloca-
tion, foci formation, and on mitochondrial scission.
We analyzed the effect of Drp1
 
K38A
 
 expression on mito-
chondrial Bax translocation using HeLa cells in which
expression of WT Drp1 (T-Rex-Drp1) and Drp1
 
K38A
 
(T-Rex-Drp1
 
K38A
 
) is controlled by tetracycline (Fig. 3 A).
Tetracycline-treated T-Rex-Drp1, T-Rex-Drp1
 
K38A
 
, and con-
trol vector–transfected cells (T-Rex-V) were incubated with
STS for 5 h, fractionated, and analyzed by Western Blotting
for mitochondrial translocation of Bax. Drp1
 
K38A
 
 did not in-
Figure 1. Localization of Bax clusters 
on mitochondria in apoptotic Cos-7 
cells. (A) Cells transfected with mito-
DsRed2 (green) were treated with 1 !M 
STS for 6 h, fixed, stained with anti-Bax 
6A7 mAb (red), and analyzed by confocal 
microscopy. (B) Cells were cotransfected 
with CFP-Bax and mito-YFP. At 12 h 
after transfection, cells were treated with 
1 !M STS for 90 min and examined by 
confocal microscopy. Each field illustrates 
one of the typical morphologies of 
mitochondria (green) and Bax foci (red) 
in apoptotic Cos-7 cells. Bax associates 
with mitochondrial constriction sites 
(arrowheads) or at the tips of tubular 
elongated mitochondria and appositions 
of mitochondria. (C and D) Cos-7 cells 
were treated with 1 !M STS and analyzed 
by electron microscopy after staining 
endogenous Bax (C) or CFP-Bax (D) with 
anti-Bax 6A7 mAb and anti-GFP mAb, 
respectively, and processing by silver-
enhancement of immunogold labeling. 
In dying cells, endogenous Bax localized 
to mitochondrial tips and constriction 
sites. Bars, 0.5 !m.
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Figure 5.8 | Bax clusters around mitochondrial tips and constriction sites (where ĕssion happens) in apoptotic
cells 15. Confocal micrographs of mitochondria in apoptotic Cos-7 cells. (A)Mitochondria (green) and Bax (red)
were visualized with DsRed2 and anti-Bax 6A7 mAb respectively. (B) Alternatively, mitochondria (green) and
Bax (red) were visualized with mito-YFP and CFP-Bax. (C-D) Electron micrograph of apoptotic cells aer stain-
ing endogeneous Bax with anti-Bax 6A7 mAb (C) or CFP-Bax with anti-GFP mAb (D), and processing by silver
enhancement of immunogold labeling. Scalebar 0.5 μm.
negative for DOPE [98]) found in the mitochondria. An EM tomography study found that Bcl-xL overexpres-
sion prevented any increase in these highly-curved mitochondrial contact sites (as well as apoptosis) under lead
exposure [265]. Other early tudies contended that Bax activity might be sensitive to the spontaneous membrane
curvature, but results were conĘicted: Some advocated that membrane permeabilization is enhanced with positive
spontaneous curvature lipids and inhibited by negative spontaneous curvature lipids [246, 266]; others reported
negative spontaneous curvature lipids promote Bid-induced leakage/lipid mixing in the presence of Ca2+ [267,
268].
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turn may influence the availability of mitochondria for the forma-
tion of new branches at axon terminals and dendritic spines.
Previous studies have also implicated other members of the
Bcl-2 family as regulators of mitochondrial morphogenesis.
Perhaps the first report to explicitly draw attention to the possi-
bility that Bcl-2 may affect normal mitochondrial morphology in
healthy cells was a study by Fiskum and colleagues (Kowaltow-
ski et al., 2002). Using flow cytometry to measure the size and
granularity of isolated mitochondria, this report noted that
Bcl-2-overexpressing cells contained mitochondria that were
larger and more structurally complex than normal, as indicated
by their greatly increased laser scattering properties.
Further evidence for a role for members of the Bcl-2 family in
steady-state mitochondrial network dynamics has also been
provided by studies in which Bcl-xL and Bcl-2 have been tran-
siently expressed in a variety of mammalian cell types (Delivani
et al., 2006; Sheridan et al., 2008). These studies reported that
both Bcl-2 family proteins could promote increased rates of
mitochondrial fusion or mitochondrial fission, depending on the
concentration of expressed protein (Figure 4). In all cases,
perturbation of mitochondrial network dynamics, through
overexpression of Bcl-2 or Bcl-xL, led neither to MOMP nor to
apoptosis. Furthermore, similar observations have been made
with the C. elegans Bcl-2 homolog, CED-9, that has been found
to promote increasedmitochondrial fusion upon ectopic expres-
sion in either mammalian cells (Delivani et al., 2006), C. elegans
embryos (Rolland et al., 2009), or mature worm muscle tissue
(Li et al., 2008; Rolland et al., 2009).
Mitochondrial Network Connectivity May Exert
Long-Range Effects on the Threshold for MOMP
It may seem odd, at first sight, that members of the Bcl-2 family
could impinge on the spatial organization of mitochondrial
networks, given the overwhelming body of evidence that places
this protein family firmly within the heart of the cell death
machinery. However, these seemingly disparate functions may
not be entirely unconnected.
Accumulating evidence indicates that the efficiency of oxida-
tive phosphorylation within the mitochondrial electron transport
chain is affected by the degree of connectivity of mitochondria,
Figure 4. Bcl-2 Family Proteins Can Perturb
Mitochondrial Networks in Healthy Cells
Mitochondrial networks in cells transfected with
a mito-RFP plasmid along with empty vector
plasmid (left panel) or Bcl-xL expression plasmid
(middle and right panels). Bcl-xL expression
results in cells with mitochondrial networks that
are either fragmented (middle panel) or hyperag-
gregated and/or fused (right panel). See Delivani
et al. (2006) and Sheridan et al. (2008) for further
details.
with highly connected mitochondria
correlating with increased efficiency of
ATP production (Chen et al., 2005; Mitra
et al., 2009; Tondera et al., 2009). For
example, fragmentation of mitochondrial
networks, through genetic inactivation of
Mfn1 andMfn2 or RNAi-mediated ablation of Opa1, led to mark-
edly decreased rates of respiration (Chen et al., 2005). These
defects could be reversed through restoration of mitochondrial
fusion, suggesting that these defects were directly related to
fusion incompetence and not due to a loss of mitochondrial
DNA or other long-range effects (Chen et al., 2005).
Conversely, cells under starvation stress have been observed
to increase mitochondrial connectivity and ATP production,
which required Mfn-1 (Tondera et al., 2009), presumably as an
adaptive response to the change in nutrient availability. Where
stress-induced mitochondrial fusion was prevented, in Mfn1
null cells, for example, ATP production declined and cells died
more rapidly (Tondera et al., 2009). On the other hand, where
mitochondrial connectivity was restored through overexpression
of Mfn-1, cell survival was enhanced.
However, the relationship between mitochondrial network
status and respiratory function is clearly not a simple one, as
knockdown of Drp1, which leads to mitochondrial elongation,
can also lead to defective respiration (Estaquier and Arnoult,
2007; Benard et al., 2007; Parone et al., 2008), although Drp1!/!
MEFs do not appear to suffer from such defects (Ishihara et al.
2009). However, these studies do provide further support for
the view that mitochondrial interconnectivity can influence ATP
production in either a positive or a negative way.
Given the role of the antiapoptotic members of the Bcl-2 family
in cell survival, it is possible that, in addition to regulating Bax/
Bak channel formation and apoptosis directly, these proteins
may also be capable of regulating conformations of the mito-
chondrial network that favor cell survival by enhancing ATP
synthesis and raising the threshold for MOMP. We suggest
that while fragmentation of the mitochondrial network per se is
not a required step in MOMP, fragmented mitochondrial
networks may have a lowered threshold for MOMP as a result
of altered architectural properties of mitochondria that permit
more efficient Bax/Bak-dependent oligomerization within mito-
chondrial membranes. As further evidence of this, ablation of
Opa1, which results in highly fragmented mitochondrial
networks, results in either spontaneous apoptosis or increased
susceptibility to a variety of proapoptotic triggers (Arnoult
et al., 2005; Lee et al., 2004).
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BH3-only proteins, such as Bid, Bim, and Bad, are the most
upstream acting members of the Bcl-2 family and have little in
common with each other, or indeed with other members of this
family, except for an !8 amino acid long BH3-only motif. BH3-
only proteins act as sensors for cell stress, damage, infection,
growth factor deprivation, and other signals that provoke
apoptosis (Puthalakath and Strasser, 2002). The BH3-only
sensors become activated by a variety of means, such as tran-
scriptional upregulation, limited proteolysis, or dephosphoryla-
tion. Irrespective of how particular BH3-only proteins are
activated, these proteins promote Bax/Bak activation by two
possible mechanisms, which are not mutually exclusive. One
route to Bax/Bak activation involves displacement of the anti-
apoptotic Bcl-2 proteins from Bax/Bak due to binding of BH3-
only proteins to the antiapoptotic proteins (Willis et al., 2007).
Another possible route to Bax/Bak activation is via direct, but
possibly transient, interaction of BH3-only proteins with Bax/
Bak that provokes a conformational change of these proteins
to their active state (Kuwana et al., 2005).
Whichever model is correct—noting that both mechanisms
could well operate simultaneously—Bax/Bak activation results
in the formation of a pore or channel in the mitochondrial outer
membrane that permits release of multiple mitochondrial
proteins into the cytosol (Figure 1). Aside from cytochrome c,
MOMP is also associated with efflux of Smac/DIABLO, a poten-
tiator of caspase activation, as well as Omi/HtrA2, adenylate
kinase 2, and many other mitochondrial intermembrane space
proteins. As noted above, this event has catastrophic conse-
quences for the cell, due to the swift activation of the Apaf-1/
caspase-9 apoptosome upon binding of cytochrome c.
Because of the importance of this event for commitment to
apoptosis, Bax/Bak-dependent cytochrome c release has
been studied intensively over the past 10 years. During the
course of such studies, it was also noticed that mitochondria,
which form extensive interconnected networks in many cells,
undergo extensive fragmentation practically simultaneous with
apoptosis-associated mitochondrial cytochrome c release
(Frank et al., 2001; Figure 2). Before we discuss the potential
implications of this observation, we will first briefly discuss
mitochondrial network dynamics in healthy cells.
Mitochondrial Fission and Fusion
Contrary to the classical textbook view that mitochondria are
small bean-shaped organelles scattered throughout the cytosol,
many cells contain long tubular mitochondria that are exten-
sively interconnected to form web-like networks that encom-
pass the whole cell (Figure 2A). Mitochondrial networks are
highly dynamic and undergo remodeling through continuous
cycles of fission and fusion to produce shorter or longer mito-
chondria (Chen and Chan, 2005; Suen et al., 2008). Indeed,
experiments where cells with differentially labeled populations
of mitochondria have been induced to undergo fusion indicate
that intermixing of mitochondrial constituents is essentially
complete within 10–12 hr (Legros et al., 2002). Furthermore,
mitochondrial networks can undergo abrupt remodeling in
response to cell stress (Tondera et al., 2009), changes in energy
demands, and fluctuations in intracellular calcium levels
Figure 1. Bcl-2 Family Proteins Regulate
Mitochondrial Outer Membrane
Permeabilization
(A) In viable cells, members of the antiapoptotic
subset of the Bcl-2 family (Bcl-2, Bcl-xL, A1,
Mcl-1, Bcl-w, Bcl-b) inhibit the activity of the
BH3-only proteins (Bad, Bid, Bim, Bik, Bmf,
Noxa, Puma, Hrk) and prevent the activation of
Bax and Bak.
(B) Upon activation of one or more members of the
BH3-only subset of the Bcl-2 family, these
proteins promote MOMP and consequent cyto-
chrome c release through neutralizing the antia-
poptotic Bcl-2 proteins and/or triggering Bax/
Bak oligomerization within the mitochondrial outer
membrane. Upon release of cytochrome c into the
cytosol, this promotes assembly of the Apaf-1/
caspase-9 apoptosome and triggers a cascade
of caspase activation events that culminate in
apoptosis.
Figure 2. Mitochondrial Networks Undergo Fragmentation during
Apoptosis
Mitochondrial networks in HeLa cells transfected with a mitochondrially
targeted red fluorescent protein (mito-RFP) plasmid (to visualize mitochon-
drial networks) along with an empty vector plasmid (A) or Bax-expressing
plasmid (B).
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Figure 5.9 | Bax andBc -xL aﬀ ctmitoch drial dy amics18. (A)M toch ndrial etw rks undergo fr gmentation
duri g apoptosis. Mitochondrial networks in HeLa cells transfected with amitochondrially targeted red Ęuorescent
protein (mito-RFP) along with an empty vector plasmid (“vector” panel) or Bax-expressing plasmid (“Bax” panel).
(B) Bcl-xL can perturb mitochondria in healthy cells. Mitochondria networks in cells transfected with a mito-RFP
plasmid along with empty vector plasmid (“vector” panel) or Bcl-xL expression pl smid (“Bcl-xL” pa l ). Bcl-xL
expression results in mitochondrial networks that are either fragmented or fused (“hyper-aggregated”).
High curvature sites, bacteria division, mitochondria ĕssion/fusion. If we look at bacteria again for in-
sight (Figure 5.7), CL accumulates at the cell poles of bacteria befo their division and may contribut to m m-
brane deformations associated with cell membrane ĕssion [250, 251, 270, 271]. An interplay of curvatures was
recently suggested to provide geometric cues for pro ein localiza ion in bacteria sporulation [272, 273]. us, it is
not surprising that studies have found colocalization of Bax with mitochondrial fusion (Drp1) and ĕssion (Mfn1/2)
protein machineries at the tips and constriction sites (where OMmembrane scission occurs) of mitochondria (Fig-
ure 5.8) [252]. Furthermore, there is signiĕcant functional interplay between Bcl-2 apoptotic regulation and mito-
chondrial dynamics (Figure 5.9). Bax and Bcl-xL participates in mitochondrial ĕssion and fusion [209, 269, 274,
275]. Conversely, inhibition of the ĕssion machinery Dr 1 can block cell death [208, 276] and membrane remod-
eling by Drp1 is reported to stimulate Bax oligomerization [277].
18 Reprinted from [269] Autret, A. & Martin, S. J. Emerging role for members of the Bcl-2 family in mitochondrial morphogenesis. Mol.
Cell 36, 355–63 (2009), Copyright © 2009 with permission from Elsevier.
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5.3 Experimental
Bax, Bid and Bcl-xL have remarkably similar secondary structures given their drastically diﬀerent functions (Fig-
ure 5.5). To ensure experiments isolate the critical mechanisms behind Bcl-2 interactions without complications of
changing expression levels by proteins and post-translational modiĕcations, we studied human recombinant full-
length (FL) untagged monomeric soluble proteins in cell-free systems. Using small angle x-ray scattering (SAXS),
we directly mapped out fundamental deformationmodes induced onmembranes by mixtures of Bax, cBid and Bcl-
xL. We then used vesicular dye release assays to correlate the induced membrane curvatures with functional Bax
activation and concomitant vesicle permeation. Small unilamellar vesicles (30-50 nm SUVs) and giant unilamellar
vesicles (10-20 μmGUVs) were prepared at various lipid compositions comprising zwitterionic dioleoyl (DO) lipids
(to avoid liquid-gel transition) with phosphatidyl choline (PC) and phosphatidyl ethanolamine (PE) headgroups at
mitochondria-like cardiolipin (CL) levels. Such ternary lipid systems allowed independent adjustment of mem-
brane charge density and spontaneous curvature to monitor the eﬀects of Bax, cBID and Bcl-xL while maintaining
typical mitochondrial CL levels. GUVs were incubated with Bax, cBid and Bcl-xL at well-deĕned stoichiometries
(keeping Bax/lipid molar ratio at 1/500, or approximately 25 μM Bax to 12.5 mM lipids) under physiologically
relevant conditions (pH 7.0, 100 mM KCl).
Full details of procedures are described in Appendix A: Consolidated Methods (page 97).
1. Bcl-2 protein preparation is covered in Appendix A.2 (page 99).
2. Peptide preparation is covered in Appendix A.4 (page 101).
3. SUV preparation for SAXS is covered in Appendix A.5 (page 102).
4. GUV preparation for confocal microscopy is covered in Appendix A.6 (section A.6).
5. Computed hkl reĘections for indexing scattering vector peaks from SAXS characterization is documented in
Appendix A.9 (page 110).
6. Statistical mechanical treatment of how protein-induced membrane curvatures can interact (conceived by C.
Santangelo and K. Akabori) is covered in Appendix A.8 (page 105).
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Figure 5.10 | Bcl-2 proteins puriĕed without detergent. Homogeneity and size of the solution forms of Bax, cBid
and Bcl-xL proteins evaluated with 12% polyacrylamide gel electrophoresis in the presence of SDS.e center lane
contained molecular markers (11, 17, 25, 34, 43, 56, 72, 95, 130 kDa) to calibrate molecular weight (mw). With Mr
band followed by sequence mw in parenthesis, from le: Bax 21,000 (21,183); Bcl-xL 27,000 (26,262); Bid 22,500
(21,993) and cBid 15,800 (15,219). e caspase-cleaved Bid (cBid, also known as p15 Bid) showed a very small
amount of uncleaved proteins and the poorly staining 59-amino acid fragment that remains bound to p15 Bid.
(source: O. Ivashyna & P. Schlesinger 2010)
Bax generates negativeGaussianmembrane curvature. High-resolution synchrotron small angle x-ray scat-
tering (SAXS) revealed nanoscopic details of the protein-membrane interactions. Before exposure to Bax, SAXS
analysis of SUVs at 75/20/5 mol% PE/PC/CL showed a broad feature consistent with the form factor of single lipid
bilayers and typical of SUVs (Fig. 2b, bottom trace). Incubating SUVs with FL Bax activated with cBid (analogous
results at 1:1 or 1/5:1 cBid/Bax molar ratio, latter not shown) gave rise to a dramatically diﬀerent diﬀraction signa-
ture (see raw 2D data in Figure 5.11). SAXS data displayed a remarkably large number of sharp correlation peaks
(Figures 5.11, 5.12a) with scattering (reciprocal lattice) vector q-ratios √2, √3, √4, √6, √8, √9… that indexed pre-
cisely (Figure 5.12b ) to a well-ordered Pn3m (Q224) ‘double-diamond’ lattice [94, 146], an inverse bicontinuous 3D
cubic phase where two non-intersecting water channels are separated by a lipid bilayer (Figure 5.13A). e center
of the bilayer traces out a minimum surface that curves in opposite ways (c1 > 0, c2 < 0) along its principal axes
(Figure 5.13B), the deĕnition of negative Gaussian (saddle-splay) curvature (K ≡ c1c2 < 0). us, Bax promotes
saddle-shaped membrane deformations to stabilize the bulk cubic phase. is is a composite type of curvature
that incorporates along perpendicular directions positive curvature stress proposed in early work [246, 266, 267],
and negative curvature stress proposed by recent results [277]. e asymmetric membrane stress presentation by
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Figure 5.11 | Activated Bax induces strong and sharp correlation peaks with liposomes. 2D SAXS data of Bax
and cBid (at 1:1 molar ratio) with 75/20/5 PE/PC/CL SUVs. Bax/lipid molar ratio at ∼1/500. Data taken at SSRL
(Stanford) Beamline 4-2.
Bax promotes negative meridonal curvature corresponding to the generatix of a fusion pore/stalk while also sta-
bilizing the net positive zonal curvature around the pore edge [99, 101] (Figure 5.13D). Indeed, pore formers like
cell-penetrating peptides (CPPs) and antimicrobial peptides (AMPs) [3, 119, 128, 141] also induce saddle-splay
curvature, and living membranes manifest such curvature around a lipidic pore, the base of a bleb and the neck of a
bud. Interestingly, as mentioned earlier, signiĕcant crosstalk between Bcl-2 apoptotic regulation andmitochondrial
ĕssion/fusion machineries have been reported [208, 209, 269, 274, 275, 277], and recent work suggest ĕssion pro-
tein Drp1 can promote Bid-induced Bax oligomerization in a spontaneous membrane curvature sensitive manner
via hemifused intermediates [277].
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Figure 5.12 | cBid activates Bax to induce saddle-splay curvature, while Bcl-xL suppresses curvature generation.
(a): Circularly averaged 1D SAXS data of 1:1 FL Bax + cBid on 75/20/5 PE/PC/CL SUVs, with traces at diﬀerent
annotated Bcl-xL/Bax molar ratios (X), oﬀset vertically for easy comparison. Traces for SUV control and SUVs
+ FL Bax (no cBid) at the bottom of graph for comparison. Cubic Pn3m peak indexing for X = 0 (red) and 1/2
(blue) in (b) gave lattice constants d = 15:58 ± 0:03 nm and 21:59 ± 0:04 nm respectively. Peak q-values relate
Miller indices (h; k; l) to d by the relation q = 2√h2 + k2 + l2/d. erefore, on a log-log plot, a le shi denotes
an increase in d, with a commensurate decrease in saddle-splay curvature because ⟨K⟩ ∼ 2/d2A0, with Euler
characteristic and unit cell surface areaA0 [94]. Increasing X suppresses all the sharp cubic correlation peaks. (c):
At higher DOPE level (85/12/3 PE/PC/CL), FL Bax can induce cubic phases without needing cBid. Labels denote
X. Bcl-xL consistently suppressed cubic phase generation. Peak positions for Pn3m (triangles) and Im3m (squares)
are indexed in (d) for X = 0 (red) and X = 1/2 (blue). For X = 0, dPn3m = 14:98± 0:03 nm & dIm3m = 19:1± 0:1 nm;
for X = 1/2, dPn3m = 16:87 ± 0:03 nm & dIm3m = 21:34 ± 0:03 nm.
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Figure 5.13 | Schematics of inverse bicontinuous cubic phases Pn3m, Im3m and a membrane pore. (A) Illustra-
tion of the Pn3m phase, showing the double-diamond topology with two non-intersecting tetrahedral networks of
water channels separated by a lipid bilayer. e surfaces were generated in Mathematica using the level-set equa-
tions [142]. (B) Representative Pn3m repeating unit showing clear tetrahedral symmetry. Arrows indicate positive
and negative principal membrane curvatures at each point on the membrane. (C) For comparison, a representative
Im3m phase with hexagonal symmetry. (D) Schematic of a membrane pore. Arrows indicate meridonal and zonal
curvatures.
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Estimate of pore size. Fitting the measured scattering vector q-values (Fig. 1b) gave a lattice constant dPn3m of
15.58 ± 0.03 nm for the strong Pn3m phase. A weak Im3m (Q229) cubic phase was sometimes also observed (Fig-
ure 5.12a,c), with a lattice constant that related to the Pn3mphase by the Bonnet ratio (1.279), indicating equivalent
Gaussian curvature in the two coexisting cubic phases [94]. Instead of pores on a 2Dmembrane surface, such cubic
phases are 3D-constrained networks of pores. Accounting for membrane thickness (∼2 nm), the eﬀective lipidic
pore diameter in the Pn3m cubic phase is ∼11 nm, which is suﬃciently large for cytochrome c eﬄux. Reported
pore sizes derived from vesicle leakage studies with BAX proteins (1-4 nm [278, 279]) and truncated Bax peptides
(11.6 nm [247] , ∼4.6 nm [280]), from patch clamp conductance studies (1-6 nm [281]) and from cryo-electron
microscopy of Bax-permeabilized liposomes (25-100 nm [231, 248] are highly variable. Our measured equilib-
rium membrane curvatures in the cubic phases imply pores near the middle of this size range, although the precise
amount of curvature will depend on molecular details as well as the distance from equilibrium [280].
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Figure 5.14 | Diﬀerent methods of activating Bax gave rise to the same class of curvature. (a): SAXS data of
FL Bax, OG Bax(ΔC), pH Bax(ΔC) and cBid Bax(ΔC) on 85/7/8 PE/PC/CL SUVs graphed above the SUV con-
trol. e variations in Pn3m lattice constants are compared in (b). cBid-activated Bax(ΔC) generated the strongest
correlation peaks and the most negative Gaussian membrane curvature.
Bax activation. In vivo, Bax has to be activated to initiate apoptosis. From testing both protein and nonpro-
tein activation methods [279, 282, 283] (see section A.2), we found that the membrane structures induced by Bax
when activated with a BH3-only protein (cBid) corresponds closely with those that result from Bax activation with
a non-ionic detergent, n-octyl glucoside (OG), or low pH (Figure 5.14). e C-terminal α-helix of Bax obstructs its
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putative BH3 binding site and plays an important role in Bax activation [223]. e truncation of 19 amino acids on
the C-terminus to give Bax(ΔC) did not impair the protein’s ability to generate Gaussian membrane curvature as
compared with FL Bax. Using 85/7/8 PE/PC/CL mol% SUVs, all the diﬀerent activation methods induced drasti-
cally stronger cubic phases than native untreated FL Bax (Figure 5.14) or Bax(ΔC) (data not shown). ese results
suggest that once inserted into the membrane, the Bax protein without its C-terminus contains all the informa-
tion necessary to generate this class of pore-enabling curvature. at cBid-activated Bax consistently generated the
strongest correlation peaks as well as the most negative Gaussian membrane curvature (Figure 5.14a-b) may reĘect
the optimized ability of cBid move Bax into the bilayer membrane.
Correlation with vesicle permeation. Tracking eﬄux from dye-loaded GUVs with confocal microscopy al-
lowedmacroscopic characterization of pore formation, and the vesicle permeation results correlated well with SAXS
membrane curvature analysis. With a lipid composition of 70/20/10 mol% PE/PC/CL, we observed complete dye
eﬄux from all GUVs with cBid-activated Bax (∼0.35 μM, cBid/Bax ∼1:1) in several tens of minutes (Figure 5.15),
whereas addition of equimolar Bcl-xL signiĕcantly suppressed Bax-induced dye leakage as expected, with most
GUVs full of dye hours aer introduction (data not shown).
Figure 5.15 | Verifying permeabilization activity of activated Bax in GUVs. Time-lapse confocal microscopy of
70/20/10 PE/PC/CL GUVs (labeled green with 1%DiO) that are loaded with 4 MAlexa-Fluor 633-C5-maleimide
dye (red, ∼1.3 kDa). ∼0.35McBid-activated FL Baxwas introduced and panels (le to right) at 15minute intervals
follow the evolution. While vesicles start leaking at diﬀerent points in time, each GUV leaked completely within ∼5
minutes aer onset. Scalebar is 20 m.
84
Bcl-xL suppresses Bax-induced negative Gaussian membrane curvature. When Bcl-xL was introduced
at increasing molar ratios to cBid-activated FL Bax (½:1:1 molar ratio), all correlation peaks corresponding to neg-
ative Gaussian membrane curvature generation weakened and systematically shied to lower q-values (refer back
to blue trace in Figure 5.12a-b. dPn3m= 21.59 ± 0.04 nm at Bcl-xL/Bax=½). Peak q-values relate Miller indices (h,
k, l) to the lattice constant d by q = 2√h2 + k2 + l2/d, so a le shi on a log-log plot (Figure 5.12b) reĘects an in-
crease in d with commensurate decrease in saddle-splay curvature, because average Gaussian curvature is inversely
proportional to the square of the cubic lattice constant [94]. Weaker peak intensities also reĘect reduced occurrence
of the cubic phase. At Bcl-xL to Bax molar ratios of 1:1 and greater, all correlation peaks were fully suppressed (top
two traces of Figure 5.12b), signaling the absence of saddle-splay curvature characteristic of porated phases (see
also Figure 5.16). e physiologic functions of Bax (pore former), cBid (activator) and Bcl-xL (inhibitor) in OM
membranes are entirely consistent with the structural tendency each protein introduces when incorporated into
liposomes with mitochondrial CL levels. We propose that Bcl-xL’s antagonistic action against Bax’s permeation ac-
tivity can be correlated with its suppression of negative Gaussian curvature generation, a crucial ingredient for pore
formation. Supporting this interpretation, we consistently found that Bcl-xL reduced correlation peak intensities
(less pores) and increased the cubic lattice constant (less pore-favoring curvature) before complete shutdown of
Bax.
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Figure 5.16 | Bcl-xL suppressed all Bax-induced cubicmembrane phases regardless of activationmethod. (A) FL
Bax was activated with cBid while Bax(ΔC) was activated with (B)OGor (C) pH-cycling. Samples with 83/14.5/2.5
mol% (80/15/5 mass%) PE/PC/CL liposomes were analyzed with SAXS. Cubic lattice constants dPn3m for cBid-
activated FLBax, OGBax(ΔC) and pHBax(ΔC) are 19.07±0.06 nm, 16.51±0.04 nmand 14.2±0.08 nm, respectively.
Adjacent labels denote Bcl-xL/Bax molar ratios (X). When Bcl-xL was incubated together with activated Bax and
liposomes, membrane curvature generation was suppressed in all cases (red traces, vertically displaced for easier
comparison) and no bulk macroscopic cubic phase could be grown.
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Bax membrane curvature generation is lipid-dependent. We found Bax’s curvature generation is strongly
inĘuenced bymitochondrial lipid composition. Tomodify eﬀective membrane c0, we varied DOPE content. Cone-
shaped DOPE (headgroup small compared to tails) has negative spontaneous curvature and tends to promote
inverted hexagonal (HII) phases and hemifused intermediates [98, 101]. By increasing PE content to 85/12/3
PE/PC/CL, FL Bax no longer required activation by cBid to induce cubic correlation peaks (bottom red trace in
Figure 5.12c) that were suppressible with Bcl-xL. Conversely, increasing CL from 3 mol% (Figure 5.12c) to 8 mol%
(Figure 5.14) while keeping PE at 85 mol% gave signiĕcantly weaker cubic correlation peaks for FL Bax alone. is
decrease appeared more pronounced in the absence of cBid, whose targeting of mitochondria [253] and activation
of Bax [248]are widely cited as CL dependent. To further track this lipid dependence, we examined membrane
structures induced by cBid, pH or OG-activated Bax over a broad range of lipid compositions relevant to mito-
chondrial membranes. e resulting phase diagram of ternary PE/PC/CL liposomes with activated Bax is shown in
Figure 5.17. Occurrence of porous phases correlates with high PE and low mitochondrial-like CL levels, and does
not depend upon the mechanism of Bax activation. No porous cubic phases were observed when CL content ex-
ceeded levels found in the innermitochondrial (IM)membrane (10-15mol%) [259]. Interestingly, early work found
functionally intact IMmembranes [284] despite extensive cristae remodelling [285] following Bid/Bax-induced cy-
tochrome c release.
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Figure 5.17 | BAX-induced cubic phases prefer lowCL and rich PE.Composite protein-membrane phase diagram
for the action of activated Bax (via cBid, pH or OG) in ternary PE/PC/CL lipid SUVs, showing PE and CL mol%
along the plotted axes. e propensity for Bax-induced porous phases aer equilibration is conĕned to around 3-10
mol% CL and ≥ 70 mol% PE.
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Figure 5.18 | Bcl-xL did not induce sharp correlation peaks in CL-containing membranes. Red traces have Bcl-
xL/lipid = 1/80.
HowBcl-xL suppress Baxmembrane activity. AlthoughBax andBcl-xL are structurally similar, they remodel
membranes in drastically diﬀerent ways. It has been argued that Bcl-xL behaves like a dominant-negative Bax
whose oligomerization-defective nature ties up both Bid and Bax in nonproductive interactions [286]. From our
direct membrane curvature measurements, Bcl-xL did not induce sharp correlation peaks (refer to the red traces
in Figure 5.18). Rather, we found that Bcl-xL was able to generate new positive curvature stress that transformed a
100% hydrated PE inverted hexagonal (HII) (with negative curvature only) into cubic phases that have negative and
positive curvatures along perpendicular directions (Figure 5.19). Consistent with this, small liposomes (< 200 nm)
with high positive Gaussian curvature retarded Bax activity [287] (see section A.2).
Mixing of Bax- and Bcl-xL-induced curvature patches. Two possible classes of ĕnal-state membrane struc-
tures can in principle occur when positive Gaussian curvature induced by Bcl-xL interacts with negative Gaussian
curvature induced by Bax (Figure 5.20). Saddle-splay patches induced by Bax proteins can act cooperatively to
produce a pore, whereas introduction of positive curvature patches can separate the saddle-splay defects, thus frus-
trating pore formation. is eﬀect is exempliĕed by an “egg-crate” surface [288] where Bcl-xL-induced curvature
forces Bax proteins to participate in non-productive interactions rather than form pores.
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Figure 5.19 | Bcl-xL induces cubic peaks in HII DOPE. Hydrated 100% PE self-assembles into a HII phase with
negative mean curvature, so that principal curvatures c1 < 0 and c2 = 0 (see bottom trace and adjacent blue rep-
resentative model). Inverted hexagonal lattice constant dHII = 7:5 nm. Labels denote Bcl-xL/lipid molar ratios
(X/L). Addition of Bcl-xL grew cubic phases (green) with c2 < 0 and c1 > 0, indicating that positive curvature was
introduced into the system. Cubic lattice constants are dPn3m = 13:2 nm and dIm3m = 16:9 nm.
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Figure 5.20 | How can curved membrane patches interact? Schematic portrays possible end-states when curved membrane patches interact together. (a)
Saddle-splay patches (green, with K < 0) induced by proteins can come together to stabilize a pore topology. (b) On the other hand, introducing patches
of isotropic positive curvature (orange, withK > 0) can separate saddle defects to frustrate pore formation and leave an “egg-carton”-like surface [288]. To
color-code positive and negative Gaussian curvature patches on the illustrative “egg-crate” membrane, Mathematica was used to analytically compute the
Gaussian curvature at every point.
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Linear elasticity membrane model with Bax and Bcl-xL: a summary. To aﬃrm quantitatively the idea
that Bcl-xL may restrain Bax activity via membrane-mediated interactions, we developed a theoretical model for
mixtures of two membrane-bound proteins, one inducing negative (–) Gaussian curvature (Bax-like) and the other
positive (+) Gaussian curvature (Bcl-xL-like). Each protein is taken to induce local principal curvatures in the
membrane, 1 and 2, which works against themembrane deformations given by the Helfrich free energy,FHelfrich =(/2) r dA(c1 + c2)2 with the integral taken over the membrane area, and bending rigidity κ. e energy of a
single (±) protein is, E± = (/2)[(c1 − 1;±)2 + (c2 − 2;±)2], where is the energy cost of binding a protein to a
Ęat membrane,  is a dimensionless coupling constant, and the induced principal curvatures depend on the protein
type. Analogous to classical nucleation theory, the free energy scales as E = −r2 + 2r  for a pore of radius r
and pore rim line tension   on a membrane with eﬀective surface tension  [244]. is model exhibits an energy
barrier Ebarrier =  2/ at a radius r0 =  /. When this energy is comparable to thermal energy, pore formation
becomes favorable. We ĕnd that Bax-like K < 0-inducing proteins universally suppress the free energy barrier,
while Bcl-xL-like proteins inducing positive Gaussian curvature (K > 0) elevate it. Mixtures of proteins inducing
competing curvatures can control pore formation via the free energy barrier (Figure 5.21a). For K<0-inducing (–)
proteins, we set 1;− = 0:5 nm-1 (equivalently 1/t nm-1) commensurate with the curvature on the inside of a pore
and (/2)(21 + 22) ≈ 4kBT to give an average induced Gaussian membrane curvature of 0.022 nm-2 (equivalently(0:3/t)2 nm-2), consistent with a Schwarz’ D (Pn3m) surface of lattice size 17 nm [94]. We use 1;+ = 2;+ = 0:375
nm−1 for K>0-inducing (+) proteins. Even at very modest area fractions, a K>0-inducing protein will inhibit pore
formation by raising the energy barrier drastically (Figure 5.21a). e precise values used for constants do not
change the generic behavior observed in the model, and computed dPn3m grows with increasing Bcl-xL/Bax ratio
(Figure 5.21b) in rough agreement with our measured lattice constants.
Full theoretical exposition (conceived byK. Akabori & Prof. C. Santangelo) is available inAppendixA.8 (page 105).
Unambiguous test for membrane-mediated mechanism by precluding BH3 binding. Taken together,
these observations suggest that Bcl-2 family proteins, in addition to direct protein-protein binding, can interact with
one another via a membrane-curvature mediated mechanism. Mutant Bcl-2 proteins with defective BH3 domains
can in principle inhibit direct binding [286, 289, 290], but can have unpredictable changes to induction ofmembrane
curvature. To test our hypothesis rigorously, we examined whether Bcl-xL could be used to turn oﬀ non-Bcl-2
pore-formers that have no putative BH3 binding sites. We found Bcl-xL can suppress the pore generating gaussian
curvature produced by the diphtheria toxin mutant (CRM197), a prototypical example important in the history
of Bcl-2 family proteins [235] (see Figure 5.22). CRM197 is a nontoxic mutant that shows no enzymatic activity
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Figure 5.21 | K<0-inducing proteins lower the pore energy barrier, while K>0-inducing proteins raise it. (a)
Barrier height of pore opening in mixtures of positive (orange) and negative (green) Gaussian curvature-generating
proteins in our theoretical model. Barrier without proteins is given by E0/kBT =  20/0, with contours spaced
10kBT apart. (b)Byminimizing free energy in this theoreticalmodel, protein-prescribed curvatures were translated
into corresponding Pn3m lattice constants, so we can compare with experimental results. Naive estimates ĕnd that
Pn3m lattice constants grow sharply with increasing molar ratio of K>0-generating proteins to K<0-generating
ones, consistent with our experimental results. e range of lattice constants are in rough agreement with SAXS
data of Bax and Bcl-xL.
but is immunologically indistinguishable from DT [291]. Interestingly, recent work ĕnd that the DT translocation
domain can also induce endosomal fusion [292], enticing one to draw parallels between diphtheria’s poration/fusion
activity with Bax’s involvement in both MOMP and mitochondrial dynamics.
More importantly, we observed that Bcl-xL inhibition of pore formation was quite general, and extended to CPPs
and AMPs that generate pores through negative Gaussian curvature [3, 119, 141]. We incubated 80/20 PE/PS SUVs
with varying Bcl-xL levels while the cell-penetrating peptide TAT was kept at a peptide/lipid molar ratio of 1:40.
TAT induced correlation peaks characteristic of coexisting lamellar (Lα) (peak q-positions at 1:2:3 ratio), Pn3m cu-
bic, and inverted hexagonal (HII) lipid phases (Figure 5.23a). Upon raising Bcl-xL/lipid molar ratios (X/L), Bcl-xL
ĕrst quenched diﬀraction peaks of the HII phase at X/L=1/500, before completely suppressing the TAT-generated
Pn3m peaks at X/L=1/100. We further extended the functional analogy for Bcl-xL inhibition of Bax poration by
using confocal Ęuorescence microscopy to show that Bcl-xL suppressed TAT-induced dye eﬄux from GUVs (see
Figure 5.24). Synthetic CPPs based on two tetra-arginine blocks connected by Ęexible PEG spacer chains [119],
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R4(PEG)XR4, were also tested with Bcl-xL. Rpeg-5 or R4(PEG)5R4 restructured 80/20 PE/PS SUVs to give diﬀraction
peaks similar to TAT’s, and Bcl-xL was again able to suppress all correlation peaks (Figure 5.23b) in a manner anal-
ogous to its antagonistic eﬀect on Bax. Likewise, Bcl-xL suppressed negative Gaussian curvature generation by the
antimicrobial peptide protegrin-1 (Figure 5.23c-d), and a fusion peptide derived from the viral gp41 fusion domain
(Figure 5.23e). Strikingly, Bcl-xL can even quench negative Gaussian membrane curvature in a pure protein-free
liposome system. Pure lipid SUVs (80/20 PE/PS) at non-physiological salt conditions can form porous cubic phases
(Pn3m and Im3m) with a coexisting HII phase (Figure 5.23f). Incubation with Bcl-xL suppressed the low-q cubic
diﬀraction peaks, while higher Bcl-xL levels grew the lamellar Lα phase at the expense of the HII phase, consistent
with Bcl-xL’s generation of positive curvature. In line with a membrane-mediated mechanism, Bcl-xL was able to
suppress negative Gaussian membrane curvature generation across a broad range of systems, extending from toxin
protein and pore forming/fusion peptides drastically diﬀerent from Bax in charge, hydrophobicity and molecular
weight, to a pure lipid system lacking heterogeneous protein-protein interactions.
Figure 5.22 | Bcl-xL can suppress cubic phases induced by diphtheria toxin mutant CRM197. CRM197 is a
nontoxicmutant that shows no enzymatic activity but is immunologically indistinguishable fromDT. CRM197, at a
peptide/lipid ratio of 1/600with 80/20 PE/PS lipids under acidic conditions (10mMNaOAc pH5.0, 150mMNaCl),
generated two clear cubic phases that coexisted with a hexagonal phase. Lattice constants dPn3m, dIm3m and dHII are∼34.4 nm, ∼43.6 nm and 7.85±0.01 nm, respectively. Adjacent labels denote Bcl-xL/lipid molar ratios. Increasing
Bcl-xL levels suppressed the cubic peaks completely (le insert) and favored a new zero curvature lamellar (Lα)
phase at the extense of the high negative mean curvature HII phase.
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Figure 5.23 | Bcl-xL inhibited negative Gaussian membrane curvature without need of BH3 binding. Labels
adjacent to traces denote Bcl-xL/lipid molar ratios (X/L). (a) TAT induced Pn3m cubic phase and HII phases from
80/20 PE/PS liposomes. ese high curvature phases were suppressed at high X/L levels, leaving only the zero cur-
vature Lα phase. (b) PEG-peptide conjugate R4(PEG)5R4 in 80/20 PE/PS induced Pn3m and HII phases, which are
both suppressed at high X/L. (c) Antimicrobial peptide Protegrin-1 (PG-1) induced Pn3m, Im3m and Lα phases
in 75/5/20 PE/PS and (d) just a pure Pn3m phase in 75/15/10 PE/PC/CL liposomes. In both cases (c-d), Bcl-xL
completely suppressed cubic phase generation. (e) Fusion peptide derived from gp41 viral fusion domain formed
strong Im3m and coexisting Pn3m phase from 75/5/20 PE/PC/PS liposomes; these phases were completely sup-
pressed with Bcl-xL addition. (f) High salt (300 mM KCl) restructured 80/20 PE/PS liposomes into cubic and
hexagonal phases, but increasing X/L suppressed cubic phase formation, unequivocally demonstrating that Bcl-xL
can operate even in the complete absence of other peptides or proteins.
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Figure 5.24 | BCL-XL can suppress TAT-induced dye eﬄux from GUVs. (a) Representative 3-channel composite confocal micrograph of an initial intact
GUV (lipids labeled green with DiO) loaded with Alexa Fluor 633 dye (blue), without any peptide (red channel) or protein. All scalebars are 20 μm. Only
GUVs in the bottom row (e-g) were pretreated with ∼20 μM BCL-XL (unlabeled) at the start of the experiment, while GUVs in the top row (b-d) were le
untouched. In panels (b-g), the green lipid channel is omitted to allow clearer visualization of the red labeled TAMRA-TAT channel. TAMRA-TAT (∼9 μM,
red) was then introduced to both GUV preparations. GUVs in the top row leaked completely whereas GUVs pretreated with BCL-XL showed no leakage
of encapsulated dye and most of the TAMRA-TAT stayed outside the vesicles. (d) shows a representative TAT-permeabilized GUV, with blue (dye) and red
(TAMRA-TAT) channels separated for better visualization. (g) shows a representative BCL-XL-protected GUV with blue (dye) and red (TAT) channels in
separate panels.
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5.5 Conclusions
e formulation of Bcl-2 family regulation has largely been based on BH3 domain interactions. However, direct
binding evidence remains inconclusive, and recent experiments have uncovered Bax/Bcl-xL activity independent of
its ability to bind BH3 domains. For instance, Bax with its BH3 domainmutated to greatly impair binding to Bcl-xL
not only retains its poration ability but also remained subject to Bcl-xL’s control [289]. Another very recent (2011)
study proposed that Bcl-xL may inhibit and maintain Bax in its soluble non-active form by constant “retrotranslo-
cating” Bax from themitochondria to the cytosol [293], which is reminiscent of protein adsorption/desorption com-
petition that could perhaps be inĘuenced by the energetics of inducedmembrane curvature in the light of our obser-
vations. In addition, Bax and Bcl-xL are not key constituents of mitochondrial ĕssion (Drp1) and fusion (Mfn1/2)
machineries, but somehow participate in their regulation without evidence of direct binding [208, 209, 274, 275,
277]. Conversely, a 2010 ĕnding showed that Drp1 can promote Bid-induced Bax oligomerization in a fashion
fundamentally sensitive to the spontaneous membrane curvature via membrane hemifused intermediates [277].
Our cell-free observations demonstrate a parallel Bcl-2 regulatory mechanism mediated by protein-induced mem-
brane curvature. Recent biophysical work suggests that curvature-mediated attractions can complement speciĕc
binding and even operate between proteins lacking allosteric interactions [96, 294, 295]. Outside the Bcl-2 cancer
ĕeld, membrane curvature has been proposed to control dynamin19 polymerization [295]. Taking the latest trends
of discovery into consideration, our results here potently suggest a new general class of strategies for engineering
apoptosis.
19 Dynamins belong to the GTPase superfamily of proteins that catalyzes diverse membrane remodeling events in the cell, including the
formation of endocytic vesicles through ĕssion, remodeling of the endoplasmic reticulum and mitochondria ĕssion/fusion.
96
Appendix A
Consolidated Methods
A.1 Actin preparation
1. For 1 mg of rabbit skeletal G-actin (mw 43 kDa)1, remove from -80° C freezer and thaw for ∼1 hr to avoid
thermal shock. Spin down at 13,000 rpm, remove cap and weigh.
2. Add 100 μl (0.1000 g) millipore H2O. Vortex, spin down at 13,000 rpm and refrigerate for ∼1 hr. Actin
concentration is now 10 mg/ml.
3. Add 400 μl of G-buﬀer (5mMTris pH 8.0, 0.2 mMCaCl2, 0.5 mMATP, 0.2 mMDTT, 0.01% (w/v) NaN3) to
prevent actin denaturation. Vortex, spin down and refrigerate for ∼2 hr. Actin concentration is now 2 mg/ml
(∼46.5 μM).
4. Transfer (aliquot if necessary) to ultracentrifuge tubes and calculate the transfer coeﬃcient:
f = Mactin solution transferred
Mactin+cup −Mcup +MH2O +Mbuﬀer
5. Polymerization. Initiate polymerization with 100 mM KCl. Example: to 500 μl of G-actin solution, add
17:24 ∗ f μl of 3M KCl (weighing on balance not required).
6. Stabilize mean length of actin ĕlaments with gelsolin. Average ĕlament length is given by `(μm) = rAG/370,
where rAG is the molar ratio of G-actin to gelsolin2. Example: for 1 μm actin rods, use 126 nM gelsolin.
7. Equilibrate at room temperature for ∼1/2 hr.
8. Add phalloidin (mw 789.2) to actin at 1:1 molar ratio to stop polymerization-depolymerization dynamics,
and to stabilize actin in its polymeric state. Example: 4.65 μl of 1 mM phalloidin (dissolved in methanol)
to 100 μl of 2 mg/ml (46.5 μM) F-actin (or 23.25 μl phalloidin for 500 μl F-actin solution). Mix promptly
with truncated pipette tip ∼ 10×, do not vortex and spin down. Note: use phalloidin in methanol, not water.
Remembermethanol denatures actin, somixing is very important. Phalloidin is toxic andmethanol is volatile:
store phalloidin and phalloidin waste carefully.
9. Equilibrate at room temperature for ∼6 hr. Do not refrigerate until at least 6 hr have gone by.
10. Ultra-centrifugation. Mark the top of the tubes, and place them in the centrifuge with the mark facing
outwards (to locate pellet later). Ultra-centrifuge at 50,000 rpm (100,000×g) at 20 °C for 1 hr. Immediately
pipette out supernatant (phalloidin waste) without disturbing the tiny translucent gel pellet at bottom against
marked side wall.
1 Procedure adapted from O. Zribi and K. Purdy.
2 Degree of polymerization (number of monomers/rod) calculated frommeasurements of Hanson & Lowy (1963) [296] which determined
that a 1 μm ĕlament contains 370 actin monomers [297, 298].
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A.1. Actin preparation
11. For samples in F-buﬀer (G-buﬀer with additional 100 mM KCl), skip to the end. Otherwise, add ∼100 μl of
desired salt-free buﬀer. Wait 1/2 hr. Repeat step 10 two more times. is gets rid of the original F-buﬀer that
was in the pellet.
12. For cĕnal = 10 mg/ml, addMbuﬀer = f ∗Mactin(mg)/cĕnal(mg/ml) −Mpellet. Resuspend for 6-8 hr.
Actin labeling with phalloidin-conjugated dyes.
1. Aer the actin polymerization step in the regular actin prep, aliquot 10-15 μl and dilute to 0.03 mg/ml with
F-buﬀer.
2. Mix 200 μl of actin at 0.03 mg/ml with 20 μl of Alexa phalloidin (in methanol) at 300 U3 concentration.
3. Wrap in foil to protect from light, and equilibrate for 6 hr. Ultracentrifuge and resuspend in F-buﬀer for 6-8
hr in the fridge.
Actin labeling with Alexa maleimide-conjugated dyes.
1. Go through regular actin prep up to just before the ultra-centrifuge step, aliquot 10 μl of the polymerized
phalloidinated actin mixture and dilute with pH 7-7.5 buﬀer4 (e.g. 5 mM PIPES pH 7.5, 100 mM KCl).
2. Prepare maleimide dye solution in DMSO (e.g. 1 mM). Add 10-fold molar excess dye to G-actin, ensuring
DMSO volume is less than 10% of the total to avoid actin denaturation. Example: 10 μl actin at 10 mg/ml,
23.25 μl dye at 1 mM, topped up to 500 ul with pH 7.5 buﬀer.
3. Wrap cup in foil and equilibrate at room temperature for 2 hr.
4. Stop reaction by adding excess (3-4×) mercaptoethanol. Example: 0.7 μl mercaptoethanol in H2O at 100mM
per 500 μl of actin solution. Mercaptoethanol binds to any leover dye. Reaction should be instant.
5. Mix 10× with cut pipette, wrap in foil and put on rocker for 1/2 hr.
6. Ultra-centrifuge at 100,000×g (50,000 rpm) at 20 °C for 1 hr. Remove supernatant, resuspend in preferably
F-buﬀer to prevent denaturation, and allow 6-8 hr in the refrigerator for pellet to swell. Mix 20× with pipette
before use.
3 From Invitrogen, 300 U is 6.6 μM.
4 Although cysteine is more reactive above its pKa (∼8.3), thiol-reactive reagent stability against hydrolysis decreases with pH, particularly
above pH 8.0. erefore, a compromise pH 7.0-7.5 is typically used (Molecular Probes: e Handbook 2.1). In addition, we select
against lysine because concentration of the free base form of aliphatic amines (like lysine’s) below pH 8 is very low (Molecular Probes:
e Handbook 1.1). e maleimide should form a covalent thiol bond with Cys-374 of actin.
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A.2 Recombinant Bcl-2 protein preparation and activation
Recombinant human Bcl-2 family proteins were prepared as previously described [282, 283], without exposure to
detergent to preclude spurious conformational alterations. Bcl-2 associated X protein (Bax, both FL and ΔC19),
caspase-8-cleaved Bcl-2 interacting domain agonist (cBid), and Bcl-2 related gene, long isoform (Bcl-xL) were pro-
duced as intein constructs in pTYB1 vector (New England Biolabs), expressed in BL21 (DES) E. coli grown in
Terriĕc broth (supplemented with 0.2% glucose) at 37 °C until induction by 0.1 mM isopropyl-β-D-thiogalactoside
(IPTG). Induced cultures were shaken for 16 h at 23 °C, the bacteria harvested by centrifugation and resuspended
in lysis buﬀer (50 mM Tris pH 8.0, 500 mM NaCl, 1 mM EDTA) supplemented with Complete protease inhibitor
cocktail (Roche). Cells were lysed via three MicroĘuidizer (MicoĘuidics) passages at 1,000 bar and the lysate was
clariĕed by centrifugation, isolated and puriĕed without exposure to detergent. Clariĕed lysate was applied to chitin
aﬃnity resin, followed by a high salt wash, then equilibrated with cleavage buﬀer (lysis buﬀer + 30 mM DTT) and
incubated overnight at 4 °C to allow cleavage from intein tag. Recombinant proteins were eluted, exchanged into
20 mM Tris pH 8.0, and polished by MonoQ anion exchange chromatography. All proteins were found homoge-
neous (12% polyacrylamide gel electrophoresis in presence of SDS) and monomeric (dynamic light scattering) at
physiological salt conditions [283].
Bax was activated three ways: (1) mixing cBid with FL Bax or Bax(ΔC19) at 1/5:1 or 1:1 stoichiometry, (2) incu-
bating Bax(ΔC19) with 1% (w/v) n-octyl glucoside (OG) for 1 h at 4 °C and dialyzing for 4 h at room temperature
against pH 7.0 buﬀer (10 mM HEPES, 100 mM KCl) to give OG Bax, and (3) dialyzing Bax(ΔC19) against pH 5.0
buﬀer (10 mM NaOAc, 100 mM KCl), then back against pH 7.0 buﬀer just before sample preparation to give pH
Bax.
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A.3 DNA preparation
aw frozen DNA for ∼1 hr to avoid concentration gradients. For 400 μl DNA stock at 500 μg/ml,
1. Add salt: 40 μl of 3 M NaOAc (refrigerator) (1/10 by volume) and 5 μl of 0.3 M MgCl2.
2. Spin down at room temperature for 1 minute at 4,000 rpm.
3. Leave in refrigerator for ∼20 minutes.
4. Add 800μl of 100% ethanol (EtOH, chilled in freezer).
5. Leave in freezer to precipitate overnight (should see white threads and clumps).
6. Next day, spin down at 13,500 rpm for 10 minutes (ultracentrifuge) and pipette out the supernatant.
7. Wash with 100% EtOH (chilled): add 1 ml cold EtOH and spin at 15,000 rpm for 10 minutes at 0 °C; pipette
away supernatant.
8. Wash with 70% EtOH (chilled): add 1 ml cold EtOH; spin at 15,000 rpm for 2 minutes at 4 °C; pipette away
supernatant; do this step twice.
9. Drip dry upside down on ĕlter paper for at least 2 hrs, then reconstitute in millipore water to desired con-
centration.
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A.4 Peptide synthesis
Cell-penetrating peptides and polyarginine derivatives. Trans-activator of transcription protein transduc-
tion domain from HIV-1 (TAT) 47-57 (sequence YGRKKRRQRRR), TAMRA-labeled TAT, R9 (sequence RRRRRRRRR)
and ANTP (sequence RQIKIWFQNRRMKWKKGG) were purchased from Anaspec. R4 and synthetic CPPs based on two
tetra-arginine blocks connected by Ęexible PEG spacer chains, RPeg-5 (R4(PEG)5R4) and RPeg-27 (R4(PEG)27R4),
were prepared using automated solid-state synthesis [119].
Longer arginine polypeptides R34, R46 and R60 were synthesized as poly(ε-CBZ-lysine) chains of the desired lengths
using transitionmetal-initiated α-amino acidN-carboxyanhydride polymerizationwith (PMe3)4Co. Primary amines
on the lysine residues were converted to guanidinium groups using excess 3,5-dimethyl-1-pyrazolylformaminidium
nitrate as described elsewhere [125].
Antimicrobial peptides and viral fusion peptides. Protegrin-1 (PG-1) amide was purchased from Anaspec.
Synthetic fusion peptide (FP) 2 (GAVIGALGFLFGLAAGSTMGARS-R6W) derived from the gp41 virial fusion peptide [299]
was a kind gi from Dennis Bong.
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A.5. SUV preparation for small-angle x-ray analysis
A.5 SUV preparation for small-angle x-ray analysis
SUVs were prepared following previous description [141]. Lipidmixtures comprising dioleoylphosphatidyl choline
(DOPC), dioleoylphosphatidyl ethanolamine (DOPE), dioleoylphosphatidyl-L-serine (DOPS) and bovine heart
cardiolipin (CL) (Avanti Polar Lipids) were prepared in chloroform, then dried under N2 and desiccated under
vacuum. e dried lipids were rehydrated in pH 7.0 buﬀer to 20 mg/ml at 37 °C overnight, sonicated to clarity, and
ĕltered through 0.2 μm Nucleopore membranes (Whatman) to yield SUVs.
SUVs with Bcl-2 proteins. Depending on the assay, liposomes were mixed with speciĕc molar ratios of Bcl-2
proteins (Bax/lipid = 1/600-1/500, cBid/Bax = 1/5-1/1 and Bcl-xL/Bax = 1/2-5/1) and peptides without any BH3
domain (AMP/lipid = 1/40, CPP/lipid = 1/40 and FP/lipid = 1/250). To overcome slow equilibration of Bax with
SUVs [287], samples were incubated at 37 °C for 24 h before being sealed in quartz capillaries for SAXS character-
ization at room temperature.
Data were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 4-2 (9-11 keV), the
Advanced Light Source (ALS) on beamline 7.3.3 (10 keV) and the Advanced Photon Source (APS) on BESSRC-
CAT and BioCAT (12 keV). Scattered 2D intensity was integrated using NIKA (http://usaxs.xor.aps.anl.gov/
staff/ilavsky/nika.html) on Igor Pro (Wavemetrics) and FIT2D (http://www.esrf.eu/computing/scientific/
FIT2D/).
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A.6 GUV preparation for confocal microscopy
Dye-loaded GUVs. Dye-loaded GUVs comprising DOPC, DOPE and bovine heart CL were electroformed
for laser-scanning confocal microscopy as previously described [119]. Lipid mixtures in chloroform, labeled with
1% DiO, were desiccated on indium tin oxide (ITO) coated glass slides and swelled in 100 mM sucrose with ∼5
μM Alexa Fluor 546/633 succinimidyl ester dyes (mw ∼1 kDa, pretreated with Tris) under 10 Hz sinusoidal AC.
Following GUV detachment with 4 Hz square AC, the suspension was diluted 100× into 100 mM glucose 100 mM
KCl medium, and imaged in a 300 μl chamber with a Leica TCS SP2 microscope (63×, 1.4 N.A oil immersion). See
next subsection for more electroformation details.
Actin-loaded GUVs. GUVs comprising DOPC, DOPE, DOPS and 0.5% 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonia salt) (PEG2000-DOPE)5 fromAvanti Polar Lipids,
with or without 2.5-5% calcium ionophore (Calcimycin, A23187), were electroformed for laser-scanning confocal
microscopy6. Lipid mixtures (∼8 mg/ml) in chloroform, labeled with 1% DiO/DiI (Invitrogen), were evenly spread
onto cleaned indium tin oxide (ITO) coated glass slides (5 μl per slide) and desiccated overnight. e swelling so-
lution was ∼ G-buﬀer (2 mM Tris pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM DTT) supplemented with 100
mM sucrose and 7-10 μM G-actin. Rhodamine phalloidin from Invitrogen (∼3 mM) was used to label F-actin. It
is important to keep the ionic strength as low as possible (e.g. ∼125 mOsmol/kg). Two U-shaped teĘon spacers
were attached onto the ITO slides with vacuum grease to form a 400-500 μl electroformation chamber (∼0.5 mm
total thickness), and 10 Hz sine AC was applied at 0.11 Vpp (5 minutes), 0.93 Vpp (20 minutes) and 2.3 Vpp (70
minutes), followed by 4 Hz square AC (70 minutes) for GUV detachment. To reduce background Ęuorescence
and better visualize the GUVs, the suspension was gently dispersed into a dilution buﬀer (with >100 mM glucose,
osmolarity should be ∼60 mOsmol/kg larger than that of the swelling solution). To polymerize the encapsulated
actin, introduce 3-8 mM MgCl2: Mg2+ ions will pass through the Ca-ionophores to induce actin polymerization.
Leica TCS SP2 laser scanning confocal microscopes (63×, 1.4 NA immersion) were used for imaging.
5 To prevent F-actin from just collapsing onto the GUV membrane, so that a “cytoskeleton” which ĕlls the entire lumen can be formed.
6 Electroformation protocol was a kind gi from Simone Köhler and Andreas Bausch (2008).
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1. Synthesis of Cy5-PLA conjugate. In a glove box, Cy5 (2.5 mg, 0.005mmol) was dissolved in anhydrous THF
(1mL). (BDI)ZnN(TMS)2 (7.0 mg, 0.01mmol) in THF (100 μL) was added to the Cy5 solution. emixture
was stirred for 15–20 min at room temperature. Lactide (LA; 144 mg, 1.0 mmol) in anhydrous THF (2 mL)
was added dropwise to the vigorously stirredmixture of Cy5 and (BDI)ZnN(TMS)2. e polymerization was
monitored by following the lactone band at 1,772 cm−1 using FTIR or by checking the methine (-CH-) peak
of LA using 1H NMR. Aer the polymerization was complete, an aliquot of the polymerization solution was
measured by HPLC to quantify the unreacted Cy5 in order to determine the incorporation eﬃciency of Cy5
to the Cy5-PLA conjugate.
2. Synthesis of PLA-PEG3.4k-MAL. In a glove box, HO-PEG3.4k-MAL (hydroxyl-poly(ethylene glycol)-malei-
mide, molecular weight approximately 3,400, Laysan Bio, AL; 34mg, 0.01mmol) was charged into thick-wall
tube. Tin(II) 2-ethylhexanoate (4.1 mg, 0.01 mmol) and LA (144 mg 1.0 mmol) were mixed in toluene solu-
tion (3 mL) and added to the tube. e tube was tightly sealed, moved out from the box, and heated at 120
°C over 24 h. e resulted solution was dried and PLA-PEG3.4k-MAL polymer was precipitated by hexane.
e precipitate was further washed by cold ether and methanol twice, and dried in vacuum.
3. Synthesis of NP-TAT conjugates. eCy5-PLA / PLA-PEG3.4k-MALNPs conjugated NPs were readily pre-
pared through the nanoprecipitation of Cy5-PLA conjugates in the presence of PLA-PEG3.4k-MAL. BrieĘy,
Cy5-PLA conjugate (100 μL dimethylformamide (DMF), 10 mg∕mL) and PLA-PEG3.4k-MAL (100 μL DMF,
10 mg/mL) were mixed and then added dropwise to nanopure water (4 mL). e resulting NP suspension
was puriĕed by ultraĕltration (15 min, 9,700 × g, Ultracel membrane with 10,000 nominal molecular weight
limit, Millipore) and then characterized by dynamic light scattering. e obtained Cy5-PLA/PLA-PEG3.4k-
MAL NPs (wt∕wt=1/1, 1 mL, 1 mg/mL in DNase RNase-free water) were dispersed in PBS solution at room
temperature. e NPs were allowed to react with Cys-TAT peptide (0.5 mg/mL in DNase RNase-free water,
50 μL) over 12 h. e resulting NP-TAT bioconjugates were washed with ultrapure water (20 mL) by ultra-
ĕltration (5 min, 1,000 × g, Ultracel membrane with 10,000 nominal molecular weight limit, Millipore). e
NP-TAT conjugates were resuspended (1 mg/mL in DNase RNase-free water) for further study.
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Single protein interactingwith amembrane. Our approach7 closely follows previousmodeling of anisotropic,
curvature-inducing proteins [300–302]. We assume a protein coupled to the local curvature of an isolated 2D
patch of membrane can induce some non-zero Gaussian curvature. Since negative Gaussian curvature is inherently
anisotropic, a single protein induces not just a spontaneousmean curvature but also a spontaneous curvature tensor
hij(), whose eigenvectors and eigenvalues give the directions and magnitudes of the largest and smallest mem-
brane curvature induced by the protein. e sign of the superscript denotes whether the protein induces positive
or negative Gaussian curvature (K > 0 orK < 0), with
h±ij() =
⎡⎢⎢⎢⎢⎢⎢⎣
cos  − sin 
sin  cos 
⎤⎥⎥⎥⎥⎥⎥⎦
⎛⎜⎜⎝
±1 0
0 ±2
⎞⎟⎟⎠
⎡⎢⎢⎢⎢⎢⎢⎣
cos  sin − sin  cos 
⎤⎥⎥⎥⎥⎥⎥⎦ ; (A.1)
where ±1 and ±2 are the protein-generated curvatures along the principal axes, and the angle  describes the local
orientation of the protein with respect to a set of surface coordinates (x1; x2). For positive Gaussian curvature, we
assume +1 = +2 , whereas negative Gaussian curvature has −1 > 0 but −2 < 0. We also deĕne the vector function
X(x1; x2) to describe the shape of the membrane neutral surface, a unit vector N(x1; x2) for the normal to the
surface, and a local membrane curvature tensor hij =N ⋅ @i@jX, where @i denotes a partial derivative along the xi
direction. e mean curvature of the membrane is given by the trace of hij(x1; x2) while the Gaussian curvature
is its determinant. Since we expect the interaction energy to be minimized when the membrane curvature matches
the spontaneous curvature induced by the protein (see Figure A.1), we consider an interaction of the form:
E±(;x1; x2) = k
2
[hij(x1; x2) − h±ij()]2 : (A.2)
We assume the coupling k is the same for both protein classes. Denoting the monolayer thickness as t, we deĕne a
dimensionless coupling constant  = k/(kBTt2) at temperature T (Boltzmann constant kB) and rescale all curva-
tures by 1/t. Being proportional to the interaction energy between a protein and a Ęat membrane, kBT therefore
provides a measure of how strongly the protein couples to the membrane shape. Expanding the tensor notation,
the energy of a single protein interacting with the membrane through Equation A.1 becomes [300–302]:
E±(; c1; c2)/kBT = 
2
([(c1 − ±1 )2 + (c2 − ±2 )2] cos2 + [(c2 − ±1 )2 + (c1 − ±2 )2] sin2) : (A.3)
is energy explicitly depends on the coordinates since the principal curvatures ci are functions of coordinates
themselves. When  = 0, the protein maximal curvature is aligned with the membrane’s and only the ĕrst term
7 eoretical model conceived by collaborators, Kiyotaka Akabori and Prof. Christian Santangelo, at the Dept. of Physics, University of
Massachusetts.
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a b c
Figure A.1 | Protein-membrane interaction. (a, b): e interaction between amembrane with a negative Gaussian
curvature and an anisotropic protein depends on the relative angle between membrane principle curvatures (black
guide lines) and the protein orientation. is diﬀerence is captured by Equation A.2. (c): On the other hand, an
anisotropic protein on a locally isotropic membrane (e.g. a sphere) can rotate without changing the energy cost.
is additional rotational entropy competes with the energy cost of mismatched protein and membrane curvature.
persists (Figure A.1a). On the other hand, if  = /2, the protein is rotated by ninety degrees and the protein’s
maximal curvature is further penalized by being aligned with the membrane’s smallest curvature (Figure A.1b).
e tensor notation accounts for intermediate-case angles in a concise format. Finally,
EF± /(kBT ) = E±(; 0;0)/(kBT ) = 2 [21;± + 22;±] (A.4)
represents the energy of a protein in a locally Ęat region of the membrane, and is independent of both angle and
coordinates.
Manyproteins interactingwith amembrane. In our simpliĕed picture, even though protein-to-protein bind-
ing eﬀects are not explicitly included, the formulation retains predictive power if we consider a bound protein com-
plex to eﬀectively function as a single uniĕed protein, and assume such complexes do not strongly interact with one
another, except by excluding other proteins from binding to the membrane in their immediate vicinity. To account
for a large number of proteins, we must statistically average over the location and orientation of each protein. For
reversible protein-membrane binding, we assume proteins in solution are in equilibrium with bound proteins, so
each species is characterized by a chemical potential kBT ln(n±), where n± is the volume fraction of each protein
species in solution, and a membrane binding energy eB±. We deĕne ± = eB±+kBT ln(n±) to account for both terms.
We also assume diﬀerent species subtend characteristic areas that are roughly identical 8. To account for the ex-
cluded area of proteins on the membrane, we decompose the membrane area into sites of areaA0, which can either
be occupied or unoccupied with only one protein type. e Grand partition functionQ for the proteins is found by
8 a reasonable approximation since BAX, BID and BCL-XL have similar mass and secondary structure.
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summing (or integrating) over all possible protein orientations, positions and numbers binding to the membrane.
is yields
Q =∏
sites
(d
2
e+−E+(;c1;c2) + d
2
e−−E−(;c1;c2))
= exp⎡⎢⎢⎢⎣
w dA
A0
ln(1 + w d
2
e+−E+(;c1;c2) + w d
2
e−−E−(;c1;c2))⎤⎥⎥⎥⎦ ;
(A.5)
where  = 1/kBT and we have taken the continuum limit in the product over themembrane area in the last equality,
and
r
dA denotes the integral over the membrane neutral surface. e correction to the Helfrich membrane energy
is given byF = −kBT lnQ, so
F
kBT
= − 1
A0
w
dA ln(1 + w d
2
e+−E+(;c1;c2) + w d
2
e−−E−(;c1;c2)) : (A.6)
e two integrals over angles compute the statistical average over the orientations of the proteins at each site on
the membrane, weighted by the energy. e integrand acquires position dependence from the variation of the
membrane principal curvatures ci from point to point.
To separate the contributions of the proteins to the membrane surface tension, we add and subtract the change in
free energy for a protein on a Ęat surface to obtain
F
kBT
= − A
A0
ln (1 + e+−EF+ + e−−EF−)
− 1
A0
w
dA
⎡⎢⎢⎢⎢⎣ln(1 + d2 e+−E+(;c1;c2) + d2 e−−E−(;c1;c2))
− ln (1 + e+−EF+ + e−−EF−)⎤⎥⎥⎥⎥⎦:
(A.7)
e second term explicitly varnishes on a Ęat membrane, so a Taylor expansion in powers of membrane curvature
will have no zeroth order term. It gives the entire correction to the Helfrich bending energy of a membrane, ac-
counting for the energetics of interaction between protein andmembrane as well as the orientation and translational
entropy of the proteins. e ĕrst term of Equation A.7 is proportional to area but not curvature, and captures the
entire protein contribution to the membrane surface tension. For a membrane in equilibrium with a lipid reservoir,
it accounts for the change in membrane area due to the protein binding. For example, if binding is highly favorable,
the surface tension will decrease and the membrane area will correspondingly increase.
e second term can be better understood by expanding Equation A.7 in powers of membrane curvature. Schemat-
ically, this yieldsF /kBT = −A+c0(c1+c2)+(c1+c2)2/2+c1c2+ , where the correction to the surface
tension from the ĕrst term is denoted , and expressions for the spontaneous curvature c0 and bending moduli
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corrections, and, can be obtained but are very cumbersome in practice. To summarize, the proteins act to
change the eﬀective bending moduli of the Helfrich model as well as induce a spontaneous curvature.
e integrals over  can be obtained explicitly, yielding
F
kBT
= − A
A0
ln[1 +∑± z±]
− w dA
A0
ln
⎧⎪⎪⎨⎪⎪⎩1 +∑± z± exp [−2 (c21 + c22 − (c1 + c2) (1;± + 2;±))] I0 [2 (c1 − c2) (1;± − 2;±)]
− ln[1 +∑± z±]
⎫⎪⎪⎬⎪⎪⎭;
(A.8)
where I0(x) ≥ 1 is a modiĕed Bessel function and is deĕned to be symmetric about x = 0, and z± = exp[±/kBT −
(21;± + 22;±)/2] is a generalized fugacity for the proteins. Finally, we note the expressions obtained for the protein
area fraction of either type:
± =N −1z± exp[−
2
(c21 + c22 − (c1 + c2)(1;± + 2;±))]I0[2 (c1 − c2)(1;± − 2;±)]; (A.9)
where the normalizationN is given by
N = 1 +∑± z± exp[−2(c21 + c22 − (c1 + c2)(1;± + 2;±))]I0[2 (c1 − c2)(1;± − 2;±)]: (A.10)
e quantities z± can be interpreted by considering the area fraction on a Ęat membrane, for which F± = z±/(1 +
z+ + z−). us, the generalized fugacities are related to the average density of proteins on the Ęat regions of the
membrane. Similarly, we can interpret the quantity  by considering the additional cost of inserting a protein on a
Ęat membrane region rather than one for which the induced curvature is precisely matched by the membrane (see
Equation A.4).
Modeling of membrane pores. We describe a pore with the ĕxed shape of the inner of a torus (Figure A.2),
having X = [r + cos ][cosx^ + siny^] + sin z^, measured in units of t, for /2 ≤  ≤ 3/2, 0 ≤  ≤ 2 and
pore radius r ≥ 1. is yields principal curvatures c1 = 1 and c2 = cos /[r + cos ]. e area measure is given by
dA = [r+ cos ]d d. In the absence of proteins, pore formation is typically described using a model reminiscent
of classical nucleation theory, withFbare/kBT = −r2+2r  for a circular pore of radius r with line tension   and
a membrane surface tension . is free energy describes a barrier height Fbarrier = kBT 2/. As we saw earlier
from Equation A.7, the presence of proteins modiĕes the bare line and surface tensions.
For given protein fugacities and pore radii, we compute the free energy over the inner rim of a pore using Equa-
tion A.8. We assume a bare line tension   of around 10-11 J/m, so using t ≈ 2nm gives  t ≈ 5. Similarly, a typical
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Figure A.2 | Schematic of amodelmembrane pore. (a, b): Proteins with negative Gaussian curvature (represented
by red, bent cylinders) favor pore formation by better matching the negative Gaussian curvature of the inner rim
of the pore, whereas proteins with positive Gaussian curvature (green spheres) do not. ese two curvature types
compete to raise or lower the free energy barrier for pore formation. e pore is modeled by the inner surface of a
torus of large radius r and small radius t, where t is the monolayer thickness.
surface tension is 10-3 N/m2, which gives t2 ≈ 1. We further assume A0 ≈ t2 and  = 7:5 which corresponds to
an energy diﬀerence of ∼ 4kBT between a protein bound to a Ęat membrane and one bound at a point at which the
membrane exactly matches the prescribed curvature of the protein. Finally, we choose prescribed curvatures for the
proteins by using the characteristic length scale of the biocontinuous cubic phases determined by x-ray scattering
(see e.g. Figures 5.12, 5.14). Minimizing the sum of the Helfrich energy density

kBT
= 
2
(c1 + c2)2 + c1c2 (A.11)
and the corrections from Equation A.8 with literature values [303] for  = −0:83 and /kBT = 10, we ĕnd a
preferred average local curvature ⟨K⟩ ≈ −(0:3/t)2, roughly what we expect for a Schwarz’s D minimal surface [94]
with a Pn3m cubic unit cell of around 17 nm (Figure 5.21).
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A.9 List of computed hkl reøections for inverse bicontinuous cubic phases.
Bicontinuous cubics
(h>k>l) Pn3m Im3m Ia3d
S h k l Q224 Q229 Q230
1 1 0 0
2 1 1 0 + +
3 1 1 1 +
4 2 0 0 + +
5 2 1 0
6 2 1 1 + + +
8 2 2 0 + + +
9 3 0 0
2 2 1 +
10 3 1 0 + +
11 3 1 1 +
12 2 2 2 + +
13 3 2 0
14 3 2 1 + + +
16 4 0 0 + + +
17 4 1 0
3 2 2 +
18 4 1 1 + +
3 3 0 + +
19 3 3 1 +
20 4 2 0 + + +
21 4 2 1 +
22 3 3 2 + + +
24 4 2 2 + + +
25 5 0 0
4 3 0
26 5 1 0 + +
4 3 1 + + +
Table A.1 | Permitted hkl reĘections for Pn3m, Im3m and Ia3d, computed according to the general reĘection
conditions in Equation 3 (page 38). Source of data: International Tables for Crystallography,Volume A (http:
//it.iucr.org/).
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B. subtilis Bacillus subtilis. 75
C. diphtheriae Cornynebacterium diphtheriae. 73
E. coli Escherichia coli. 73, 75, 99
c0 monolayer spontaneous (intrinsic) curvature. 30, 31,
75
A1 Bcl-2-related protein A1, also known as BĘ-1. 67
A23187 calcium ionophore, also called calcimycin. 55,
57
ABP actin-binding protein. 1, 6, 18, 59
ALPS autoimmune lymphoproliferative syndrome. 62
AMP antimicrobial peptide. x, 31, 49, 57, 73, 80, 92,
102
ANTP antennapedia, also called penetratin. 49, 101
Apaf1 apoptotic protease activating factor 1. 65
Bad Bcl-2 antagonist of cell death. 67, 70
Bak Bcl-2 antagonist killer. 67, 70, 72
Bax Bcl-2-associated X protein. 64, 67–70, 72, 73, 81,
83, 84
Bcl-2 B-cell lymphoma 2. 67, 68, 70–73
Bcl-w Apoptosis regulator Bcl-w, also known as Bcl-2-
like protein 2 (Bcl2L2). 67
Bcl-xL Bcl-2-related protein long isoform, also known
as Bcl-2-like protein extra large, or Bcl-2-related
protein 1 (Bcl2L1). 67, 69–73, 76, 77, 81
BH Bcl-2 homology. 67, 68
Bid BH3-interacting domain death agonist. 64, 67–70,
72
Bik Bcl-2-interacting killer. 67, 70
Bim Bcl-2-interacting mediator of cell death. 67, 70
Bok Bcl-2-related ovarian killer. 67
cBid caspase-8-cleaved Bid. 64, 69, 81, 83
CL cardiolipin. 28, 29, 31, 66, 67, 75, 77, 78, 102, 103
CPP cell-penetrating peptide. x, 31, 41, 43, 46, 49, 54,
57, 80, 92, 101, 102
CRM197 [Glu52]-diphtheria toxin, also known as
cross-reactive material (CRM) 197. 91, 93
DAPI 4’,6-diamidino-2-phenylindole. 75
DiO DiOC18(3), or 3,3’-dioctadecyloxacarbocyanine
perchlorate. 57
DISC death-inducing signaling complex. 65
DOPC dioleoylphosphatidyl choline. 102, 103
DOPE dioleoylphosphatidyl ethanolamine. 30, 31, 86,
102, 103
DOPS dioleoylphosphatidyl-L-serine. 102, 103
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Drp1 Dynamin-related protein 1. 77
DT diphtheria toxin. 71, 73, 92, 93
ER endoplasmic reticulum. 31, 65
F-actin ĕlamentous actin. 1, 6, 7, 18, 55, 56, 58, 103
FADD Fas-associated death domain. 64, 65
Fas apoptosis stimulating fragment. 64, 65
FL full-length. 78, 81, 84
FP fusion peptide. 101, 102
FRET Förster resonance energy transfer. 70
FtsZ ĕlamenting temperature-sensitive mutant Z. Bac-
terial homolog of tubulin. x
G-actin globular actin. 6, 7, 19, 51, 56–58, 97, 103
GUV large unilamellar vesicles. ix, 42, 55, 57, 78, 84,
103
HII inverted hexagonal. xi, 30–32, 34, 45–47, 86, 88, 89,
92–94
HSPG heparan sulfate proteoglycans. 52, 59
Ia3d short Hermann-Mauguin symbol for Schoen G
minimal surface or space group 230 (gyroid). 32,
37, 39, 110
IM inner mitochondrial. 65, 75, 86
Im3m short Hermann-Mauguin symbol for Schwarz
Primitive (P) minimal surface or space group 229
(plumber’s nightmare). 37, 39, 81–83, 93, 94, 110
IMS intermitochondrial membrane space. 65, 69
IPMS inĕnite periodic minimal surface. 37, 39
Lα lamellar. 32, 34, 45, 47, 92–94
LC liquid cystalline. 17, 20, 23
LPA lysophosphatidic acid. 30, 63
LPC lysophosphatidyl choline. 30, 31
Mcl-1 Myeloid cell leukemia 1. 67, 70, 71
Mfn1/2 Mitofusin-1/2. 77
MOMP mitochondrial outer membrane permeabiliza-
tion. 65–67, 69, 92
MreB bacterial homolog of actin. e mreB gene
is located in the murein cluster e (mre) gene
cluster. See http://www2.mrc-lmb.cam.ac.uk/
groups/jyl/MreB.html. x, 6
NAO 10-N-nonyl-acridine orange. 75
Noxa latin for damage/injury; Phorbol-12-myristate-
13-acetate-induced protein 1 (Pmaip1). 67, 70
nunchuk Japanese martial arts weapon consisting of
two hardwood sticks joined together by a chain
or rope (see http://en.wikipedia.org/wiki/
Nunchaku). 41, 42, 47
OG n-octyl glucoside. 83, 85, 99
OM outer mitochondrial. 64, 65, 67, 70, 75, 85
PA phosphatidic acid. 28
PC phosphatidyl choline. 28, 78
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PCD programmed cell death. 60
PDB Protein Data Bank. 68, 71
PE phosphatidyl ethanolamine. 28, 66, 67, 78, 86, 88,
92
PG phosphatidyl glycerol. 28
PG-1 Protegrin-1. 94, 101
PI phosphatidyl inositol. 28
Pn3m short Hermann-Mauguin symbol for Schwarz
Diamond (D)minimal surface or space group 224
(double-diamond). 32, 36, 37, 39, 45–47, 49, 79,
81–83, 91–94, 110
PS phosphatidyl serine. 28, 63, 92
Puma p53-upregulated modulator of apoptosis; Bcl2-
binding component 3 (Bbc3). 67, 70
QII inverse bicontinous cubic. xi, 34–38
SAXS small angle x-ray scattering. 19, 23, 24, 34, 39,
43, 46, 55, 78, 80, 84, 85, 102
SM sphingomyelin. 28
SUV small unilamellar vesicles. 45, 78, 102
TAMRA carboxytetramethylrhodamine. 51, 95, 101
TAT trans-activator of transcription protein transduc-
tion domain from HIV-1. 49, 50, 55, 92, 94, 101
TGFβ transforming growth factor beta. 63
TNF Tumor necrosis factor. 64, 65
TRAIL TNF-related apoptosis-inducing ligand, also
called APO-2L. 65
TRS tubulo-reticular structure. 32, 35, 36
UPR unfolded protein response. 65
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